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PREFACE
This dissertation is comprised of seven chapters, five of which including chapters
1 to 3 and 5 to 6 will be published to peer reviewed scientific journals as follow:
Chapter I assesses fish species richness and diversity of the Sangha River stretch
located in the Sangha Tri-National Conservation Landscape using fisheries-dependent
and fisheries-independent multi-mesh Gillnet surveys data.
Chapter II portrays the major patterns in relationships among fishes with
recognized economical value among the fish community including 55 species and group
of species from the same fisheries-independent multi-mesh Gillnet survey data and 60
species and group of species from the fisheries-dependent survey data and gradients of
environmental variables, using Canonical Correspondence Analysis (CCA).
Chapter III uses the same data from the fisheries-dependent and fisheriesindependent surveys but, focusses only on 7 fish species of economic value in the studied
section of the Sangha River located in the Sangha Tri-National Conservation Landscape,
to estimate their Catch Per Unit Effort (CPUE) and potential contribution in the local
fisheries.
Chapter IV combines the same fisheries-dependent data from a one-year long
creel survey and otolith increment data from a three-week survey when otoliths were
extracted, focusing on the same 7 fish species of economic value, to estimate harvested
fish population structure and age-class distribution in the studied section of the Sangha
River located in the Sangha Tri-National Conservation Landscape.
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Chapter V portrays or describes and predict the most likely memberships between
the same 7 fish species of economic value and commonly used fishing techniques
reported during the same one-year long fisheries-dependent creel survey, using a
recursive variance partitioning of the species CPUE under Classification and Regression
Tree “CART” framework.
Chapter VI studies at a finer scale the use of forest elephant of forest habitats in
the absence of human disturbance using a 5-year camera trap data from Nouabalé-Ndoki
National Park, Northern Congo under multiple season occupancy modelling framework.
Chapter VII provides synthesized conclusions of the 6 chapters above and
suggests ways in rethinking forest elephant conservation, and sustainable management
and conservation of freshwater fisheries in the Sangha Tri-National and Northern Congo
landscapes, and the whole Congo Basin.

ix

ABSTRACT
IMPROVING CONSERVATION EFFORTS THROUGH A BETTER
UNDERSTANDING OF FOREST ELEPHANT ECOLOGY, THE IMPACTS OF
THREATS ON ELEPHANTS AND FRESHWATER FISHERIES IN NORTHERN
SEPTEMBER 2016
ROGER PATRICK BOUNDJA, B.Sc. FORESTRY, MARIEN NGOUABI
UNIVERSITY, BRAZZAVILLE
MSc. UNIVERSITY OF CAPE TOWN
PhD. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Curtice R. Griffin
Catch data, including fish numbers, length-weight were collected during a multimesh Gillnet fisheries-independent survey in 2007-2008, and fisheries-dependent mixed
gear surveys in 2009-2010 and 2015 across 400km stretch of the Sangha River located in
the Sangha Tri-National.
Overall, very high species richness (Chao 2 mean=250, SD=16.15) and diversity
index (Simpson Inverse Mean=43.72, SD=0.02) estimates suggesting that the Sangha
River mainstream could host one of the highest freshwater fish diversity across the
region.
Overall, Canonical Correspondence Analysis (CCA) suggested a high total
variance in species data, of which significant proportions explained by environmental
variables. Latitude and distance to park borders had the strongest importance in
ordination, and fishes tended to avoid high human-disturbed areas near large towns and
high water turbidity.
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A special focus was further put into 7 fish species, recognized for their economic
value in local fisheries. Catch Per Unit Effort (CPUE) and contribution in local fisheries
were computed for the 7 species for main fishing techniques. Overall, significantly
highest average CPUE was found in wet season months, and set Gillnets appeared the
most efficient but were mainly targeting small-size and immature fishes and therefore not
a sustainable fishing technique. Extrapolations from otolith readings suggested that an
overwhelming majority of harvested fishes were estimated to be only a few months old,
under their age-at first maturity. Finally, Classification and Regression Tree (CART) of
the same 7 focal species’ CPUE suggested that Citharinus gibbosus was the most
important species, predicted with at least 55% chance in Set Gillnets, followed by
Mormyrops anguilloides with at least 64% chance in basket-traps.
Overall, during a 5-year seasonal camera survey carried out at the core-area of a
nearly pristine Nouabalé-Ndoki National Park in Northern Congo, camera trap sites were
occupied by elephants nearly 82% of weeks but elephant occupancy was not affected by
any of environmental variables in the model. However, detection probability was 0.182,
and significantly affected by percentage of Gilbertiodendron dewevrei mono-dominant
forest, mixed closed canopy forest, and number of sampling days. Large elephant social
groups were detected near forest clearings or “bais”.
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EXECUTIVE SUMMARY
Located in the heart of the Congo Basin, the Northern Congo Landscape protects
outstanding levels of biodiversity, including forest elephant (Loxodonta africana
cyclotis), bongo (Tragelophus euryceros), forest buffalo (Syncerus caffer nanus), and
leopard (Panthera pardus), as well as ten species of diurnal primates and more than 400
bird species. The landscape overlaps with the trans-boundary Sangha Tri-National
complex (STN), one of the most pristine blocks of protected tropical lowland forest in
Central Africa. The STN, representative of the Congo Basin eco-region is a UNESCO
Natural World Heritage since 2012.

The Nouabalé-Ndoki National Park is part of the

STN transboundary protected areas with the lowest human footprint and one of the most
well protected across the Congo Basin region.
However, overfishing, like overexploitation of any natural resource, has led to
depletion of fish populations in many parts of the world. In addition to a lack of
quantitative data and threats from illegal activities, poor general public and local
community awareness, and weak law enforcement, freshwater fisheries across the Congo
Basin and particularly the STN region have been poorly managed while being exposed to
potentially unsustainable fishing techniques as well as increasing fishing pressure for
commercial purposes.
Moreover, forests of the northern Republic of Congo constitute a 6-million ha
multiple land-use area that includes four protected areas (three national parks and one
community reserve) and ten logging concessions making up nearly 60% of the landscape.
Although a few surveys have revealed that in some cases, elephant densities appear to be
high in logged forests concessions where protection measures are rigorously enforced
xii

outside protected areas, we currently know very little about the ability of logged forests
to sustain forest elephant populations over the long-term, particularly forests that will be
logged over multiple rotations. Furthermore, very little to nothing is known to date
about the effects of habitat conversions from logging activities on elephant’s use of the
landscape, including all the major natural forest types and forest clearings they need for
food and socializing, and even more importantly, on freshwater fishes that are part of the
landscape found in one of the smallest and fragile ecosystem on Earth (i.e. freshwaters).
The current dissertation has proposed to bring together forest elephant and
freshwater fisheries conservation as an advanced or extended approach from the Wildlife
Conservation Society’s landscape approach by introducing a much more inclusive
concept of the landscape, focusing on people, plants, fish and wildlife communities as
immovable components of a functional ecosystem rather than focusing on the so called
“key landscape species”.

This new approach is strongly supported by the fact that most

or all threats on terrestrial wildlife from habitat reduction and fragmentation lead to direct
threats on freshwater organisms as a consequence of habitat destruction accompanied by
overexploitation as seen elsewhere across Africa, Asia and Latin-America. This
dissertation is therefore based on an urgent need for an adaptive management approach to
forest elephant and freshwater fisheries conservation in multiple-use landscapes. The goal
is to improve the conservation status of forest elephants and freshwater fisheries in
northern Congo by determining the impact of threats on elephants and fisheries. More
specifically, by filling the gaps in our understanding forest elephant use of their natural
habitats. This dissertation is providing baselines to a better understanding of fish
diversity and potential indicators of overfishing in the Sangha River, one of the most
xiii

important rivers in the region located in one of the most important continuous rainforest
conservation landscapes on Earth.
To improve our understanding forest elephant’s use of their natural habitat, I used
elephant occurrence data from a 5-year seasonal camera survey covering a total of 10,780
camera-nights (~1,540 sampling weeks) established as part of Tropical Ecology
Assessment and Monitoring program in the core-area of a nearly pristine NouabaléNdoki National Park in Northern Congo. Elephant occurrence on camera traps were
combined with landscape variables (the percentage of the main forest types around each
camera location and the distance to the nearest forest clearings and rivers), and survey
effort (expressed as number of sampling days representing the time or temporal variable)
under a multiple-season occupancy modeling framework. Overall, camera trap sites were
occupied by elephants nearly 82% of weeks during the 5-year survey based on 0.816
(0.461<95% CI < 0.958) estimate probability of occupancy, an estimate 0.182 detection
probability (0.138<95% CI< 0.235), 0.413 or 41% (0.158<95% CI < 0.724) colonization
and 0.360 or 36% (0.153<95% CI < 0.635) extinction rates. The results also predicted a
nearly constant elephant occupancy around 80%, but a decreasing elephant probability of
detection for nearly 3 consecutive years before rapidly increasing to reach its highest
value in the fifth year. This trend was supported by a compensation between colonization
and extinction rates during the same timeframe. Further findings from this study were
that elephant occupancy was not significantly affected by any of the environmental
variables in the model. However, Gilbertiodendron dewevrei mono-dominant forest,
mixed closed canopy forest, and number of sampling days were the best predictors of the
observed variation in elephant probability of detection. These findings suggest that
xiv

elephants are probably roaming across the park at nearly the same rate as suggested by
the lack of effects on occupancy but they are spending more time in mixed forests, and
there is an optimal number of days between 18 and 30 to detect change in elephant
detection. Furthermore, the study results provided a strong support to the hypothesis of
shared habitats and the absence of any particular inter-specific avoidance among elephant
and other large mammal species such as gorillas, chimpanzees, leopards, and mediumsize carnivores inside Nouabalé-Ndoki National Park. This survey also confirmed low
level of human incursion in the core of Nouabalé-Ndoki NP as there was no human
detection of camera traps during the 5-year survey. Moreover, despite weak support
based on occupancy and detection probability, the importance of forest clearings was
confirmed by large social-group size detected near “elephant forest clearings or bais”
found in Nouabalé-Ndoki NP. These findings provide a strong support to the importance
of preserving the mature and nearly pristine mixed forests as well as forest clearings
found in Nouabalé-Ndoki NP where forest elephants can find valuable their food
resources year-round, even in the dry season when fruits are scarce.
Catch data, including fish numbers, length and weight were collected from three
separate surveys across 400km stretch of the Sangha River located in the STN. 1) a
fisheries-independent survey using a multi-mesh Gillnet carried out between 2007 and
2008; 2) a fisheries-dependent mixed gear or creel survey carried out between 2009 and
2010, and; 3) a short fisheries-dependent survey carried out in 2014 when fish otoliths
were extracted for further increment readings. The combined datasets were used to
understand fish diversity, population age-class distribution and potential indicators of
overfishing in the Sangha River. A total of 1784 distinct fishing events occurred during
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the multi-mesh Gillnet survey and 1402 during the creel survey when fish measurements
and fishing technique details were reported. Water depth, temperature and turbidity in
addition to the major vegetation types near fishing sites were also reported during the
multi-mesh Gillnet survey. Additional survey variables included human population size
at settlements along the surveyed stretch of the Sangha River gathered during previous
socio-economic surveys, land-use types and distance to nearest human settlements were
generated from GIS tools using the latitude and longitude coordinates associated with
each fishing site. Overall, out of at least 10 different fishing techniques used by fishers
during the 2009-2010 creel survey, set Gillnets were the most common fishing technique
amongst surveyed fishers making up nearly 38%, followed by line-fishing with hooks of
different size.
A sample-based species rarefaction and accumulation procedure were used with
the computer program EstimateS 9.1.0. Overall, fish species richness was estimated at
250 (Chao 2 mean SD=16.15) for the surveyed section of the Sangha River, based on 100
sample randomizations (Bootstrap) given number of distinct species discovered under the
assumption of sampling without replacement estimated. Out of the total species richness
estimate, 196 species (Chao 2 mean SD=9.32) were discovered during the multi-mesh
Gillnet survey and 181 species (Chao 2 mean SD=6.95) during the creel survey. Overall,
based on pooled dataset from both surveys, the computed Simpson’s diversity index
(Simpson Inverse Mean) started to stabilize from 1689 samples at 43.72 (SD=0.02) and
remained mostly unstable until a final value of 35.58 (SD=0.02) for the multi-mesh
Gillnet survey and 29.42, (SD=0.03) for the creel survey.

Both the species richness and

diversity index values are the first estimates ever available for the Sangha River
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mainstream, which could be considered one of the highest freshwater fish diversity across
the region. This high fish species diversity was also reinforced with nearly 26 distinct
families that were reported during the two surveys. Nevertheless, these estimates were
based on nearly 95% of the data being identified at the genus-level and nearly 80% at the
species-level after being checked by expert taxonomists and should further be updated
after a complete species identification will be performed.
Canonical Correspondence Analysis (CCA) was chosen as one of the most
powerful and suitable constrained ordination technique to portray the major patterns in
relationships fish species with recognized economical value among the fish community
and gradients of environmental variables. In the final CCA, I used fish occurrence data
for 55 species and group of species from the multi-mesh Gillnet survey data and 60
species and group of species from the fishers’ survey. The final set of environmental
variables used in the study included water quality, latitude (Y coordinates) as a proxy for
gradients of location from north or upstream, to south or downstream, distance to nearest
human settlements, distance to nearest active logging concessions, distance to the park
borders, vegetation types surrounding fishing sites and human population size. Overall,
results from the CCA suggested that a high total variance of 25.67 in species data for the
multi-mesh Gillnet survey and 19.931 for the fishers’ mixed gear survey, of which,
respectively 5% (1.149) and 3.3% (0.657) were explained by environmental variables and
both highly significant (respectively Chi-square = 1.1494, p<0.001, df=5 and Chi-square
= 0.557, p<0.001, df=3). Results also suggested that among environmental variables,
latitude and distance to park borders have the strongest importance in the ordination but
they seemed to be strongly negatively correlated to each other. Among the species:
xvii

Mormyrus spp. and Clarias spp. tended to have very similar distribution and they have
their higher abundance relative to high gradient of mixed forest. Similarity in distribution
was also found between Petrocephalus balayi, Synodontis nummifer, Citharinus
gibbosus, Distichodus affinis, and Synodontis notatus, all having their highest abundance
relative to high turbidity. Moreover, Chrysichthys thonneri, Hydrocynus spp. and Labeo
parvus showed similarity in their distribution and have had slightly highest abundance
further north (i.e. with latitude). Furthermore, similarity in distribution was found
between Synodontis notatus, Clarias buthupogon and Synodontis acanthomias all having
their highest abundance with increased distance to urban and slightly with increased
distance to park borders. These findings were useful in portraying both species that
potentially share the same niche as well as potential avoidance of areas with high levels
of human disturbance such as near large towns or high water turbidity.
A special focus was further put into 7 fish species amongst many other as
mentioned above, recognized for their economic value in local fisheries. This included
respectively from the fisheries-independent and fisheries-dependent datasets: 441 and
1962 individual Citharinus gibbosus, 150 and 670 Clarias buthupogon, 302 and 465
Distichodus fasciolatus, 674 and 298 Hydrocynus forskahlii, 39 and 402 Marcusenius
monteiri, 80 and 285 Mormyrops anguilloides, and 617 and 1357 individual Schilbe
grenfelli.
For each of the 7 focal species and using both survey data, a quick estimate of
Catch Per Unit Effort, and contribution in the local fisheries were computed for the major
fishing techniques.
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During the creel survey, the highest fishing events and effort by fishers were
reported from set Gillnet fishing responsible for the overall a very high majority of catch
on C. gibbosus and D. fasciolatus. Overall, results suggested that set Gillnets tended to
be the most efficient fishing technique catching the highest biomass but not a sustainable
fishing technique as the high majority of fishes caught were of small sizes and immature.
Moreover, there was an overall significantly highest average CPUE values for the 7 focal
species and during the two surveys in wet season months with a few exceptions in
February for C. gibbosus. The same seasonal trend was found in species contribution to
the fisheries, with few exceptions found with C. buthupogon having a slightly high
contribution only in terms of fish number in March. Information about trends in fish
catch and CPUE for the 7 focal species was useful in understanding of the current status
of the Sangha River fisheries as well as for complementary and advanced analyses in the
two last chapters of this dissertation dealing with fisheries.
Furthermore, during a short survey carried out in the same study site in summer
2014, fishes from the same 7 focal species harvested by local fishers were sampled. Each
individual was identified to species, and standard length to the nearest millimeter and
body weight in grams were recorded. For the three-week fishers’ survey, the same
protocol was applied but otoliths were also extracted from individual fishes harvested by
local fishers. The total sample size for each species from the 2014 fishers survey was: 19
individual Citharinus gibbosus; 13 individual Clarias buthupogon; 21 individual
Distichodus fasciolatus; 19 individual Hydrocynus forskahlii; 10 individual Marcusenius
monteiri; 16 individual Mormyrops anguilloides and; 17 individual Schilbe grenfelli.
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Whenever this was possible and depending on species and individual fish size, a pair of
otoliths was extracted, labeled and stored in a dry Pelican case with a Silica gel.
Otolith increment readings were combined with fish measurement data from the
creel survey to establish age-class distribution. Lab processing of each otolith included
embedding, slicing for otoliths at least 2mm thick, such as most lapilli found in M.
monteiri and M. anguilloides, followed by mounting on glass slides and polishing. Once
mounted on a glass slide and polished, each otolith was photographed under a videomicroscope using appropriate magnification lenses allowing the best readings of growth
rings. A clear seasonal growth pattern was depicted for all species with individual fishes
at least 12 months or older, with slow growth during dry months (end of December,
January to February and July) and fast growth during rainy months and slightly after
(Late March to June and August to mid-December). Overall and based on extrapolations
from the otolith readings, an overwhelming majority of harvested fishes were estimated
to be only a few months old and under their probable age-at first maturity including at
least 55% of C. gibbosus, at least 53% of C. buthupogon, nearly 80% of D. fasciolatus, at
least 70% of H. forskahlii, nearly 77% of M. monteiri, nearly 78% of M. anguilloides
and, at least 78% of S. grenfelli. Large individuals that were estimated to be at least 3year old and fully mature made up only a tiny proportion way under 5% of harvested
fishes during the two surveys. However, with only a few individuals of a few age-classes
represented in the fish with otolith samples, data did not allow accurate estimates of
growth parameters and therefore fitting the von Bertalanffy growth model.
These results suggested that the majority of fishes of all edible species in the
studied part of the Sangha River were harvested much younger. This non-sustainable
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fishing trend will potentially harm the viability of the fish community with severe
consequences for the fisheries.
Finally, Classification and Regression Tree (CART) was performed for a
recursive partitioning of the variance in the same 7 focal species CPUE to portray and
predict the most likely memberships between each species and the commonly used
fishing techniques. Furthermore, and more importantly, I found that variables (the 7 fish
species in this case) are not correlated with respect to the CPUE but remain dependent
with a nonlinear relationship in the real world as they share an overlapping distribution as
supported by multiple-species catches during this survey. Moreover, this lack of
correlation amongst these 7 focal species provided a strong support that even carnivore
fishes such as Hydrocynus forskahlii have little to no effect on the distribution of
potential prey species such as Citharinus gibbosus, Distichodus fasciolatus and Schilbe
grenfelli in this part of the Sangha River. Results from the CART based on a best 5 final
node tree with, 41% correct classification rate and Kappa=0.054 suggested that C.
gibbosus was the top most important species and was predicted to be classified for at
least a CPUE of 0.00132 with 55% chance in Set Gillnets. The second most important
species was M. anguilloides predicted to be classified for a CPUE of less or equal to
1.532 with 64% chance in basket-traps. And, the next more important species were D.
fasciolatus and C. buthupogon. In addition to providing a powerful classification of fish
species with the associated fishing techniques using a recursive partitioning of the
variance in CPUE across fishing sites, the Classification and Regression Tree made a
rigorous prediction of fish species and fishing technique memberships and for each case,
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an error-correct classification was computed that could be used to guide designing both
further research and fishing regulations.
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CHAPTER I
ASSESSING FISH SPECIES RICHNESS AND DIVERSITY OF THE SANGHA
RIVER STRETCH LOCATED IN THE SANGHA TRI-NATIONAL
CONSERVATION LANDSCAPE USING FISHERIES-DEPENDENT AND
FISHERIES-INDEPENDENT DATA
I. 1. Abstract

This study used fish occurrence data from a fisheries-independent multi-mesh
Gillnet survey carried out in 2007-2008 and a fisheries-dependent or creel survey with
the local fishers who used 10 distinct fishing gears along a 400km stretch of the Sangha
River located in the Sangha Tri-National. A total of 1784 distinct fishing events were
reported during the multi-mesh Gillnet survey and 1402 during the fishers’ survey. A
sample-based species rarefaction and accumulation procedure were used with the
computer program EstimateS 9.1.0 given number of distinct species discovered under the
assumption of sampling without replacement estimated an overall fish species richness of
250 (Chao 2 mean SD=16.15) for the surveyed section of the Sangha River under 100
sample randomizations (Bootstrap). Out of the total species richness estimate, 196
species (Chao 2 mean SD=9.32) were discovered during the multi-mesh Gillnet survey
and 181 species (Chao 2 mean SD=6.95) during the creel survey. Overall, based on
pooled dataset from both surveys, the computed Simpson’s diversity index (Simpson
Inverse Mean) started to stabilize from 1689 samples at 43.72 (SD=0.02) and remained
mostly unstable until a final value of 35.58 (SD=0.02) for the multi-mesh Gillnet survey
and 29.42, (SD=0.03) for the creel survey.

Both the species richness and diversity index

values are the first estimates ever available for the Sangha River mainstream, which
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could be considered one of the highest freshwater fish diversity across the region. This
high fish species diversity was also reinforced with nearly 26 distinct families that were
reported during the two surveys. Nevertheless, these estimates were based on nearly 95%
of the data being identified at the genus-level and nearly 80% at the species-level after
being checked by expert taxonomists and should further be updated after a complete
species identification will be performed.

I. 2. Introduction

The Sangha River mainstream located in the heart of the Sangha Tri-National
(STN) conservation Landscape, together with tens of its tributary streams represent one
of the major sub-basin of the majestic Congo River Basin also known as the Congo
Basin. The STN has recently received a significant interest from the local communities
and international organization leading to its being a declared global priority landscape by
the Wildlife Conservation Society (WCS), the Central African Regional Program for the
Environment (CARPE), the Congo Basin Forest Partnership (CBFP), and more recently a
UNESCO Natural World Heritage since 2012. One of the key criteria in favor of the
STN being declared a World Heritage site was its potential for hosting high and nearly
intact biodiversity (UNESCO 2012). Scientific and empirical evidences supporting
correlations between ecosystem stability and level of biodiversity, suggesting that
ecosystems with high diversity are more functional (Hector & Bagchi 2007), stable and
resilient (Goodman 1987; McGrady-Steed et al. 1997; Schwartz et al. 2000; Tilman &
Downing 1994). Sites around the world have been prioritized for conservation based on
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their level of biodiversity usually in combination with levels of threats and endemis
(Brooks et al. 2006; Myers 2003; Myers et al. 2000). However, with several criateria and
indicators being developed and applied through time and space, the concept of
biodiversity has also been revisited and become more inclusive. Beside the conventional
diversity criteria, including species richness, species abundance, the Sipson’s and
Shannon’s biodiversity indices, a good but non-concensual biodiversity hospot criateria
was also developed by Myers et al. (2000) and revisited by Myers (2003). Based on
investigation using geographic range data from 3235 tropical reef species including 1700
species of reef fish, Roberts et al. (2002) reported that these major global biodiversity
hotspots include the most restricted rage species but exposed to high levels of threats fro
human activities and climate change, with high need for conservation efforts.
Freshwaters represent only 2.5% of the Earth’s surface waters (Shiklomanov 1993) but
host nearly 45% of the known fish species making up to approximately 25% of the global
vertebrate diversity (Lévêque et al. 2008). According to unpublished work by Shumway
et al. (2002), the Congo River syste may host at least 686 fish species. Fishes are not
only among the most diverse taxa but also one of the ost undiscovered with an estimate
average of 309 new species reported have been described or have been raised to species
level from synonymy each year between 1976 and 1994 with similar trend reported
afterward (Lundberg et al. 2000; Stiassny 1999).

Very little is known to-date about the status of freshwater fish population of the
Sangha River, including species diversity and its potential to sustain current levels of fish
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harvests. This lack of information about the status of key natural resources such as
freshwater fishes remain the main challenge for effective management of the STN
Landscape, one of the most intact but increasingly threatened continuous tropical forest
on Earth. Several approaches have been developed and used through time in quantifying
ecosystem biodiversity at site or regional scales and estimates and indices have been used
for monitoring as well as for site prioritization based on criteria such as “Biodiversity
hotspots related to areas of higher endemism and number of threatened species (Myers et
al. 2000; Davies & Cadotte 2011) and sometimes based on high genetic diversity (Pagès
et al. 2011). The combined effects of habitat loss and soon to become the dominant
species extinction driver Climate Change are known to be the main direct human-induced
drivers that impact biodiversity with nearly 37% of species expected to go extinct by
2050 as revealed by long-term studies and model predictions at least since the last 30
years (Thomas et al. 2004; Maclean & Wilson 2011). However, quantifying species
diversity for a given taxon is always a challenging task but has proven to be critically
important for conservation purpose to allow well informed conservation decision and
planning (Schmitt 2011). Following a quote by Drucker (1909-2005) saying ‘you cannot
manage what you do not measure’, we should recognize that it is hard if not impossible
and risky to feel confident when managing what we do not count or know. Without any
criticism, it’s almost very risky to pretend having an effective natural resource
management system in place without an effective natural resource monitoring program.
In the same way, we have to admit that without a clear natural resource monitoring that
provides both qualitative and quantitative information about the resources being
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conserved and managed, most of our conservation efforts across the Sangha Tri-National
and the Congo Basin overall are based on nearly blind decisions and abstractions and are
doomed to fail due to lack of clear and objective targets. Without undermining the
significant progress achieved today in keeping this critically important region well
preserved, the conservation progress could have been more improved and measurable if
the information about species richness and patterns of distribution and relationships with
their environments, including human-induced threats.

Population status is often quantitatively estimated as density, abundance or
relative index of abundance for a particular species while species richness and diversity
indices provide respectively an estimate of the number of species for a particular taxon or
group of taxa in a particular arear and at a given time, and a weighted proportion of any
given particular species over the total number of species sampled in a given community
for a given taxon or group of taxa in this case the Simpson’s Diversity Index used in this
study (Hill 1973; Heip et al. 1998).

In addition to the lack of quantitative data and threats from illegal activities, poor
general public and local community awareness, and weak law enforcement, freshwater
fisheries across the Congo Basin and particularly the Sangha Tri-National (STN) region
have been poorly managed while being exposed to potentially unsustainable fishing
techniques as well as increasing fishing pressure for commercial purposes. Therefore, the
proposed work will serve as a baseline to assess whether there are indicators of
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overfishing in the Sangha River, one of the most important region rivers located in one of
the most important continuous rainforest conservation landscapes on Earth.

Fisheries-independent and creel surveys data (fisheries-dependent) collected
between 2007 and 2010 will be used will be used in to assess the Sangha River diversity
and richness. This chapter will thus provide much updated information and will
significantly contribute to the region’s fish database and sustainable fisheries
management.

I. 3. Goal and objectives
The overall goal of this study is to provide basis for developing sustainable
fisheries strategies across the Sangha Tri-National Conservation landscape through a
better understanding of population dynamic and richness using fisheries dependent in
combination with fisheries independent data. To achieve this goal, I will pursue the
following objectives:

1- Assess fish diversity across the studied section of the Sangha River;
2- Provide scientific and technical recommendations for further research on
fishes and fisheries and for sustainable management of the Sangha Tri-National
fisheries.
I. 4. Materials and methods
I.4. 1. Field data collection
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Data were collected to assess fish stock and fisheries off-take along a 400km
section of the Sangha River between 2007 and 2010 as part of a four-year Transboundary project funded by the UNESCO under the Central African World Heritage
Initiative program (CAWHFI), the French Global Environmental Fund (Fond Français
pour l’Environnement Mondial FFEM) and implemented by the WCS Congo Program,
the WWF Cameroon and CAR and the government partners from the free countries
involved in the management of the Sangha Tri-National (STN) conservation landscape.
The main goal of this project were to assess the status of the STN fisheries, including fish
stock and the level of fishers’ catches (off-take) usually expressed as Catch Per Unit
Effort (CPUE), in order to alleviate bushmeat consumption by developing a sustainable
fisheries program.

To achieve this goal, two fish surveys with two distinct objectives were carried
out:

Multi-mesh Gillnets were used in the sampling to assess fish stock and diversity
carried out during 11 months between September 2007 and July 2008. For practical
reasons and to allow an optimal use of the available resources, the study area was divided
into four sectors (Fig.I.1) where four different teams of technicians from the tree
countries were in charge of fish survey with support from the local fishers. Each team
was made of 3 to 5 members, including at least one local fisher and spent at least 14 days
of data collection per month. A series of 12 to 20 locations with GPS coordinates were
systematically chosen during a pilot survey to cover a diversity of habitats along the river
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and different gradient of fishing pressure based on proximity from towns, villages or
fishing camps. Each day, a set of four non-baited multi-mesh gillnets of 100m each were
deployed first between 2-4pm and checked the next day between 6-8am redeployed at the
same location and checked again between 2-4pm. The idea was to cover nearly 24 hours
fishing effort at each location per month. Each team was equipped with a digital depth
sounder with thermometer and a turbidity-meter to record respectively water depth
(once), temperature (three times) and turbidity (once) at each gillnet location when
deploying (or checking in the case of temperature) the nets. All the fishes caught were
weighted, measured (Standard length) and photographed. In addition to the photos, fish
specimen where kept in a dissolution with 10% formalin and 90% distilled water for
further species identification by a fish identification expert. In summary, the only fishing
gear used here was a 100m multi-mesh gillnet and the dataset for this fish sampling
survey includes: the date and time when nets are deployed and checked; the site number
and GPS coordinates; the water depth, temperature and turbidity for each site (see above);
the fish number for each net (four nets in total) per site; the species name (local and
scientific), standard length and weight.

Following a census of fisher population in 2008 along the Sangha River section
included in the STN landscape, a random list of 15 fishing sites per month, including
towns, villages and fishing camps were generated for each of the 4 sectors based on their
fishers’ population size. However, due to the fact that some fishing (temporary) camps
were empty during the survey, the sample was adjusted by the technicians by going to the
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nearest non-vacant fishing camp. A 12-month fishers’ Creel Survey (mixed gear offtake
survey) was carried out by the same teams on the same section of the Sangha River
following the same stratification as above (2007-2008 survey, see Fig.I.1). The survey
teams usually arrived at each fishing site around 2 to 4pm and left the next day around
12pm. Every time fishers bring their catch, the same details were collected for each fish
as above with the exception that here the gear type, number and size were provided and
included in the dataset while there was no information about water depth, temperature nor
turbidity.

Nearly 95% of the data were identified at the genus-level and up to nearly 80%
were identified at the species-level after being checked by expert taxonomists at the end
of the data collection.

In the absence of any physical barrier per-se along the 400km study section of the
river, depending on the biology of each species, freshwater fishes may occupy different
locations and/or occupy specific habitat types at given times of the year, either for
reproduction or foraging. As a consequence, both fish abundance and species diversity
may change at a certain location of the river through the year (Mdaihli et al. 2003). Data
from both surveys represents a snapshot of the fish population, and a particular state of
the environment, including weather and river conditions and will only be used
accordingly.

I.4. 2. Data analysis
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A total of 180 fish species were recorded during the multi-mesh Gillnet survey
and 171 species during the fishers’ off take survey along the surveyed section of the
Sangha River, and 218 fish species from 26 distinct families when the two survey data
are pooled together.

Individual fish counts for each species by fishing event (sample) were used with
the computer program EstimateS 9.1.0 (Colwell 2013) to compute species richness and
diversity. A sample-based species rarefaction and accumulation procedure were used on
the actual discrete samples for the two surveys separately (T1=1784, n1=20116 and
T2=1402, n2=18270) and for the two surveys pooled (T=3186, n=38386), given the
number of distinct species discovered under the assumption of sampling without
replacement because fishes were removed from the River and not released after being
caught, even though the remaining fish population level is assumed not or very little to be
affected by the sampling (Gotelli & Colwell 2011, but see Chapter III of this
Dissertation). The estimates of species accumulation (or rarefaction) “Sest” or estimated
number of fish species represented by the number of samples (all fishing event as a
representative sample of existing fishing techniques by local fishers along the surveyed
section of the Sangha River); And a conservative but accurate species richness “Chao 2
(mean)” were produced under 100 sample randomizations (Bootstrap) protocol in
EstimateS 9.1.0 (Chao 2005; Gotelli & Colwell 2011; Colwell 2013). A non-parametric
extrapolation of the rarefaction curve (Interpolation) to slightly more than twice the
sample size “T’=7000” for the pooled dataset, “T1’=5000” for the multi-mesh Gillnet
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survey (single gear) and “T2’=5000” for the fishers’ survey (mixed gears), based on
unconditional variance for sample-based rarefaction (or accumulation) was used to
predict an accurate estimate (the asymptote) of species richness assuming that additional
sampling effort was going to be carried out to reach an asymptote species richness of the
fish community (Brose et al. 2003; Mao & Colwell 2005; Hortal et al. 2006; Colwell
2009; Colwell et al. 2012; Colwell & Elsensohn 2014). The non-parametric extrapolation
approach was the most suitable and powerful in the case of this survey because I do not
have information available on species discovery rate to base assumptions on, in addition
to the issues in choosing a mixing or a prior distribution and inconsistency in the species
richness estimates from parametric or Bayesian approach (Chao 2005).

The Simpson’s Diversity Index also known as dominance index was used as it
gives more weight to common or dominant species and is not affected by a few rare
species with only a few representatives. The Simpson’s diversity index and the
Shannon’s diversity index (for comparisons with other rivers) were computed in
EstimateS 9.1.0, for each level of sample pooling from the first sample up to the total
number of samples in the datasets respectively, until the index stabilizes with increasing
numbers of samples, (Colwell 2009; Colwell 2013).

I. 5. Results

I. 5. 1 Pooled data (multi-mesh Gillnet survey and fishers’ mixed gear creel survey)
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A high richness estimate of 250 fish species (Chao 2 mean SD=16.15, T=3186,
n=38386) and a total number of 218 ± 5 fish species (T=3186, n=38386) were found in
the surveyed section of the Sangha River under 100 sample randomizations (Bootstrap)
when the two survey data were pooled. There was a very high rate of species discovery,
as supported by a steep slope of both the species accumulation and richness curves during
the first 120 fishing events where more than one half of the total river’s fish species
diversity was captured (Fig.I.2). Species accumulation remained high but started to slow
down until 430 fishing events when nearly 160 fish species where detected and then kept
increasing at a very low rate of nearly 1 new species for every 50 additional sampling
events starting around 1680 without completely leveling off even with the extrapolation
up to 7000 sampling events. However, the species accumulation curve seems to have
reached an asymptote at nearly 1680 fishing events after which, only 16 additional
species were discovered with nearly three times more sampling effort (Fig.I.2).
Moreover, there will still be at least 30 additional species to be discovered in this
surveyed section of the Sangha River after 7000 samples (fishing events) as revealed by
the difference between the estimate fish species richness expressed by the Chao 2 Mean
value (Chao 2 Mean=250; SD=16.15, n=38386) and the extrapolated rarefaction curve
(Extrapolated Sest=240 ± 16; n1=38386, Fig. I.2).

The overall estimate of fish speicies richness from the 400km stretch of the
Sangha River was within range of 200 to 300 species reported in the Nki falls located in
the neighboring Cameroonian portion of the Sangha drainage (Abell et al. 2008), much
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lower than the 800 species and subspecies (incomplete identification) in Lake Malawi but
with nearly 90% of which are Haplochromine Cichlids and the remaining 10% belong to
just nine other fish families published by Gordon et al. (2006), see Table I.2. However,
the fish speicies richness from the studied stretch of the Sangha River was much higer
than the estimate of 115 fish species found in the Sudd swamp located in the Upper Nile
region of southern Sudan (Gordon et al. 2006), 132 species in the Cross River Basin at he
border between Cameroon and Nigeria (Teugels et al. 1992), and most published
richness from the neighboring Deocratic Republic of Congo, including 91 species in
Salonga & Yenge Rivers, Salonga Landscape and 58 species in Lac Tumba reported by
Schelly & Monsembula (2006), see Table I.2.

The high fish diversity of the Sangha River can further be supported by the high
number of distinct fish families reported during the two surveys. Out of the total 26
distinct fish families reported, the Mormyridae was the most important with nearly 38
species, followed by the Alestidae with nearly 25 species, the Mochokidae with at nearly
23 distinct species, and the Distichodontidae with at nearly 21 distinct species.

I. 5. 2 Multi-mesh Gillnets (single gear) survey

Under 100 sample randomizations (Bootstrap) of the multi-mesh Gillnet survey
data, an estimated total of 180 ± 8 fish species (95% CI, n1=20116) with a total richness
estimate of 196 species (Chao 2 mean SD=9.32; n1=20116) were found in this section of
the Sangha River. As with the pooled data, there was a very high rate of species
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discovery, as supported by a steep slope of both the species accumulation and richness
curves during the first hundred fishing events where more than one half of the total
river’s fish species diversity from this survey was captured (Fig.I.3). However, a much
steeper species richness curve (Chao 2 mean) was found here up to nearly 125 samples
when richness reached 125 species. Species rarefaction remained high but started to slow
down until 500 fishing events when nearly 150 fish species where detected before
leveling off and then kept increasing at a very low rate of nearly 1 new species for every
30 additional sampling events and dropped to nearly 1 new species added for every 50
additional sampling events from nearly 1180 samples onwards along the extrapolation
area of the curve up to 5000 sampling events. Therefore, the species accumulation curve
seems to have reached an asymptote at nearly 1000 fishing events after which, only 29
additional species were discovered with nearly five times more sampling effort (Fig.I.3).
Moreover, the total fish species community richness of the Sangha River could have been
captured with a more intensive multi-mesh Gillnet survey of 5000 sampling units (fishing
events) as revealed by the difference between the estimate fish species richness as
expressed by the Chao 2 Mean value (Chao 2 Mean=196, SD=9.32; n1=20116) and the
extrapolated rarefaction curve (Extrapolated Sest=196 ± 16; n1=20116, Fig. I.3).

I. 5. 3 Fishers’ Creel Survey (mixed gear offtake survey)

Under 100 sample randomizations (Bootstrap) of the creel survey data, an
estimated total of 170 ± 7 fish species (95% CI, T2=1402, n2=18270) with a total
richness estimate of 181 species (Chao 2 mean SD=6.95; n2=18270) were found in this
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section of the Sangha River. As with the pooled and the multi-mesh Gillnet data, there
was a very high rate of species discovery during the first hundred fishing events where
more than one half of the total river’s fish species diversity from this survey was
captured, as supported by a steep slope of both the species accumulation and richness
curves (Fig.I.4) The estimated species richness remained high but started to slow down
until 300 fishing events when nearly 160 fish species where detected before leveling off,
bouncing slightly up and down with an overall small increase of nearly 1 new species for
every 10 additional sampling events between 300 and 500 fishing events with 145
species, and reached a plateau near 700 fishing events (Fig.I.4).

However, the species rarefaction remained high but started to slow down until
500 fishing events when nearly 145 fish species where detected before leveling off and
then kept increasing at a very low rate of nearly 1 new species for every 20 additional
sampling events and dropped to nearly 1 new species added for every 30 additional
sampling events from nearly 750 samples onwards along the extrapolation area of the
curve up to 5000 sampling events. Therefore, the species accumulation curve seems to
have reached an asymptote at nearly 1000 fishing events after which, only 20 additional
species could be discovered with nearly five times more sampling effort (Fig.I.4).

Moreover, there will still be at least 1 additional species discovered in this
surveyed section of the Sangha River after a more intensive 5000 sampling with a mixed
gear fishers’ creel survey (fishing events) as revealed by the difference between the
estimate fish species richness as expressed by the Chao 2 Mean value (Chao 2
15

Mean=181; SD=6.95; T2’=5000, n2=18270) and the extrapolated rarefaction curve
(Extrapolated Sest = 182 ±14; Fig. I.4).

I. 5. 4 Index of fish species diversity

Taking into account the multi-mesh Gillnets (single gear) survey only, the
computed Shannon’s diversity index (Shannon Mean) started to stabilize much earlier
from 916 samples at 4 (SD=0.01) while the final Simpson’s diversity index was 35.58
(SD=0.02) (Simpson Inverse Mean) and almost did not stabilize.

The computed Shannon’s diversity index (Shannon Mean) from the fishers’ creel
survey (mixed gear offtake) very similar and started to stabilize slightly later compared to
the multi-mesh Gillnet survey’s but earlier from 1119 samples at 3.97 (SD=0.01) while
the final Simpson’s diversity index (Simpson Inverse Mean) was 29.42, (SD=0.03), much
lower than the one from the previous survey and remained unstable.

Overall, based on the pooled data from both surveys, the computed Shannon’s
diversity index (Shannon Mean) started to stabilize much earlier from 2672 samples at
4.25 (SD=0.01) while the Simpson’s diversity index (Simpson Inverse Mean) started to
stabilize from 1689 samples at 43.72 (SD=0.02).

The overall Shannon’s diversity index from the 400km studied stretch of the
Sangha River was much higer than the ones from the neighboring Deocratic Republic of
Congo, including 3.3 the Lomako/Maringa River System reported by Abell et al. (2008),
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2.8 from Lac Tumba reported by Schelly & Monsembula (2006) and 3.2 from Lac MaïNdombe reported by Gordon et al. (2006), see Table I..2.

I. 5. 5 Taxonomic diversity of the Sangha River fish community

Overall, when data from both the fisheries-independent and the fisheriesdependent are combined, there were a total of 218 fish species from 26 distinct families
reported within the 400km surveyed stretch of the Sangha River (Table I.1).

The largest family with potentially the most diverse distinct species (nearly 38
species) was the Mormyridae with the largest and most important species found within
the Mormyrops (e.g. Mormyrops anguilloides) and Mormyrus. The second largest family
was the Alestidae with nearly 25 species with at least two of the iconic and impressive
tiger-fish species of the genus Hydrocynus (e.g. Hydrocynus forskahlii and Hydrocynus
goliath). The next large families were the Mochokidae with at least 23 distinct species,
and the Distichodontidae with at least 21 distinct species including the largest fishes of
the Distichodus genus (e.g. Distichodus fasciolatus, D. antonii, D. sexfasciatus).

I. 6. Discussion

Despite the inherent sampling biases associated with fisheries-dependent data for
not being fully a random sampling process, the 1-year survey was able to capture the
majority of fish species found in the section of the Sangha River.

However, the

difference in both the estimate of fish species richness and diversity index between the
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two survey data still provide a level of support to the idea that fishers rarely choose
fishing locations at random (Hilborn & Walters 1992) as opposed to the team crew who
carried out the fisheries-independent survey that captured more species but some of them
were not edible and potentially including high proportion of smaller size individuals.
These results suggested that, this surveyed section of the Sangha River like most tropical
freshwaters is host to one of the highest fish diversity around the world with a potential
that more species still remain to be discovered as supported by the extrapolated
rarefaction curve (Lévêque & Paugy 2006; Lundberg et al. 2000).

With an estimated Simpson’s diversity index as high as 43.72 (SD=0.02), in
addition to the estimations of species richness as high as the ones computed here ranging
from 181 species (Chao 2 mean SD=6.95) during the creel survey to 196 species (Chao 2
mean SD=9.32) discovered during the multi-mesh Gillnet survey and an overall species
richness of 250 (Chao 2 mean SD=16.15), the Sangha River could be ranked among the
most fish species rich freshwater system in the Congo Basin. However, like with most
river and other freshwater systems in Sub-Saharan Africa, there are very limited or even
no data about species richness in the literature and studies are usually incomplete as more
work on species identification remain pending due to limited resources. In the case of
this study, beside the fact that the species identification was performed only up to 80% to
the species level and 95% to the genus level and therefore remains incomplete, the
reported data came exclusively from the Sangha River mainstream where at least two-
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third of the region freshwater fishes such as the ones found in small streams, lakes,
marshes and other swamp forests do not occur.

My estimates of fish species richness are very close to the of 200 to 300 species
from creel survey but unknown methods of estimate reported fro the Nki falls located in
the neighboring Cameroonian portion of the Sangha drainage (Abell et al. 2008).
However, fish richness estimates from the studied stretch of the Sangha River were
higher than the ones from most major freshwater basins in Africa (Thieme et al. 2005),
including Salonga & Yenge Rivers in Salonga Landscape, Lomako/Maringa River
System and Lac Tumba in the Democratic Republic of Congo (Schelly & Monsembula
2006), and Cross River Basin at the border between Cameroon and Nigeria (Teugels et al.
1992). The reported Shannon’s diversity indexes form the same freshwaters in the
Democratic Republic of Congo (Lomako/Maringa River System, Abell et al. 2008 and
Lac Tumba, Schelly & Monsembula 2006) were also much lower than my estimates of
4.25 when all surveys are combined for this part of the Sangha River alone. Moreover,
Gordon et al. (2006) provide fish richness mainly from incomplete identification ranging
from as low as 115 fish species found in the Sudd swamp located in the Upper Nile
region of southern Sudan and very high such as around 800 species and subspecies in
Lake Malawi with nearly 90% of which are Haplochromine Cichlids and the remaining
10% belong to just nine other fish families. The high fish diversity of the Sangha River
can further be supported by the high number of distinct fish families reported during the
two surveys. Out of the total 26 distinct fish families reported, the Mormyridae was the
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most important with nearly 38 species, followed by the Alestidae with nearly 25 species,
the Mochokidae with at nearly 23 distinct species, and the Distichodontidae with at
nearly 21 distinct species. All these highly diverse families include species that play key
roles both in terms of their contribution in the fisheries catch and their potential
ecological functions for this important freshwater system in the Sangha Tri-National
Conservation Landscape. Furthermore, and more importantly, the extrapolated species
rarefaction curve combined with the remaining proportion of species to be identified
clearly suggested that there will still be new fish species to be discovered across this
studied portion of the Sangha-River and this finding is strongly supported by the overall
prediction of nearly 200 new fish species are being described each year despite the fact
that fishes are among the well described taxon worldwide (Eschmeyer 1998) and the full
fish diversity even for this portion of the River is expected to remain undiscovered for
generations to come (Lundberg et al. 2000).

I have reported the two commonly used diversity indexes here but high preference
is being given to the Simpson’s diversity index because this index is not affected by the
fisheries data structure with a few rare species having only a few representatives (Heip et
al. 1998). However, several estimators of species richness have been developed and
reported for different taxa but hear I chose a conservative but accurate species richness
“Chao 2 (mean)” more suitable for fisheries community data with sampling without
replacement as the individual fishes caught are not being released back to the river (Chao
2005; Gotelli & Colwell 2011; Colwell 2013)
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The result from the extrapolated richness and diversity index under 100 sample
Bootstrap suggest that most of the Sangha River’s richness should be captured around
700 to 900 sampling event well allocated through the time and space. This number could
serve as a good indicator in designing further fisheries surveys and allow finding a good
balance between accuracy and effort allocation and may be very helpful in lowering the
survey cost. Finally, as an implication for the STN conservation Landscape, management
efforts should use the provided estimates of fish species richness and community
diversity index as fisheries conservation benchmarks that should be kept stable if not
increased over time, in order to preserve all the processes and resilience of this whorld
heritage site.
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I. 8. Tables and figures

Table I.1. Fish list including families and scientific names reported during the 20072008 fisheries-independent survey using the multi-mesh Gillnets and the 2009-2010
mixed gear fisheries-dependent (creel) survey along the 400km stretch of the Sangha
River located in the Sangha Tri-National Conservation Landscape (continued onto
next few pages)
Id
fam.

1

Fish scientific name

Multimesh
Gillnet
survey

Fishers’
mixedgear
survey

X

X

Family

Id
sp
p.

Alestidae

1

Alestes liebrechtsii

Alestidae

2

Alestes lineatus

X

Alestidae

3

Alestes macrophthalmus

X

Alestidae

4

X

Alestidae

5

Alestes sp.
Bathyaethiops
caudomaculatus

Alestidae

6

Brachypetersius altus

X

Alestidae

7

Brachypetersius sp.

X

Alestidae

8

Brycinus bimaculatus

X

Alestidae

9

Brycinus grandisquamis

X

X

Alestidae

10

Brycinus imberi

X

X

Alestidae

11

Brycinus longipinnis

X

Alestidae

12

Brycinus macrolepidotus

X

X

Alestidae

13

Brycinus poptae

X

X

Alestidae

14

X

Alestidae

15

Alestidae

16

Brycinus sp.
Bryconaethiops
boulengeri
Bryconaethiops
microstoma

Alestidae

17

Alestidae

18

Alestidae

X
X

X

X

X

X
X

19

Bryconaethiops sp.
Hemigrammopetersius
altus
Hemigrammopetersius
pulcher

X

X

X

Alestidae

20

Hydrocynus forskahlii

X

X

Alestidae

21

Hydrocynus goliath

X

X

Alestidae

22

Hydrocynus sp.

X

Alestidae

23

X

X

Alestidae

24

Hydrocynus vittatus
Phenacogrammus
interruptus

X

X

Alestidae

25

Phenacogrammus sp.

X

X

26

X

2

3
4
5

6

7

8

Anabantidae

26

Ctenopoma acutirostre

X

X

Anabantidae

27

Ctenopoma kingsleyae

X

X

Anabantidae

28

Ctenopoma maculatum

X

Anabantidae

29

Ctenopoma muriei

X

Anabantidae

30

Ctenopoma nebulesum

Anabantidae

31

Ctenopoma nigripanosum

Anabantidae

32

Ctenopoma ocellatum

X

X

Anabantidae

33

Ctenopoma sp.

X

X

Anabantidae

34

Microctenopoma sp.

X

X

Arapaimidae

35

Heterotis niloticus

X

X

Bagridae

36

Bagrus sp.

X

X

Bagridae

37

Bagrus ubangensis

X

X

Channidae

38

Parachanna insignis

Channidae

39

Parachanna obscura

X

Cichlidae

40

Chilochromis duponti

X

Cichlidae

41

Hemichromis bimaculatus

X

X

Cichlidae

42

Hemichromis elongatus

X

X

Cichlidae

43

Hemichromis fasciatus

X

X

Cichlidae

44

X

X

Cichlidae

45

Hemichromis sp.
Heterochromis multidens

X

X

Cichlidae

46

Lamprologus mocquardii

Cichlidae

47

Nanochromis sp.

X

Cichlidae

48

Oreochromis niloticus

X

Cichlidae

49

Steatocranus sp.

Cichlidae

50

Tilapia rendalli

X

X

Cichlidae

51

Tilapia sp.

X

X

Cichlidae

52

Tilapia tholloni

X

X

Cichlidae

53

Tilapia zillii

X

Cichlidae

54

Tylochromis lateralis

X

X

Cichlidae

55

Tylochromis sp.

X

X

Citharinidae

56

Citharidium ansorgii

X

Citharinidae

57

Citharinus ansorgii

Citharinidae

58

Citharinus congicus

Citharinidae

59

Citharinus gibbosus

X

X

Citharinidae

60

Citharinus macrolepis

X

X

Citharinidae

61

Citharinus sp.

X

X

Clariidae

62

Clarias albopunctatus

X

X

Clariidae

63

Clarias buthupogon

X

X

Clariidae

64

Clarias gariepinus

X

X

27

X

X
X

X
X

X
X
X

X
X

9

10

11

Clariidae

65

Clarias sp.

X

X

Clariidae

66

X

X

Claroteidae

67

Heterobranchus longifilis
Auchenoglanis
occidentalis

X

X

Claroteidae

68

Auchenoglanis sp.

X

X

Claroteidae

69

Chrysichthys longibarbis

X

X

Claroteidae

70

X

X

Claroteidae

71

Chrysichthys ornatus
Chrysichthys
platycephalus

Claroteidae

72

Chrysichthys sp.

X

X

Claroteidae

73

Chrysichthys thonneri

X

X

Claroteidae

74

Chrysichthys walkeri

Claroteidae

75

Clarotes sp.

Claroteidae

76

Gephyroglanis congicus

Claroteidae

77

X

Claroteidae

78

Claroteidae

79

Parauchenoglanis balayi
Parauchenoglanis
guttatus
Parauchenoglanis
punctatus

Claroteidae

80

Parauchenoglanis sp.

X

Clupeidae

81

Microthrissa royauxi

X

Clupeidae

82

Microthrissa sp.

X

Clupeidae

83

Odaxothrissa losera

X

Clupeidae

84

Odaxothrissa sp.

X

Clupeidae

85

Odaxothrissa vitata

X

Clupeidae

86

Pellonula sp.

X

Clupeidae

87

Pellonula vorax

X

Cyprinidae

88

Barbus cardozoi

Cyprinidae

89

Barbus holotaenia

X

Cyprinidae

90

Barbus macrops

X

Cyprinidae

91

Barbus martorelli

X

Cyprinidae

92

Barbus sp.

X

Cyprinidae

93

Garra sp.

Cyprinidae

94

Labeo boulangeri

Cyprinidae

95

Labeo cyclorhynchus

Cyprinidae

96

Labeo lineatus

X

X

Cyprinidae

97

Labeo parvus

X

X

Cyprinidae

98

Labeo sp.

X

X

Cyprinidae

99
10
0

Labeo velifer

X

X

Labeo weeksii

X

Cyprinidae

28

X

X
X
X
X

X

X

X
X
X

X
X

X
X

X
X

Cyprinidae
Cyprinidae
Cyprinidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae

12

Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae
Distichodontidae

10
1
10
2
10
3
10
4
10
5
10
6
10
7
10
8
10
9
11
0
11
1
11
2
11
3
11
4
11
5
11
6
11
7
11
8
11
9
12
0
12
1
12
2
12
3
12
4

Opsaridium sp.

X

Raiamas lujae

X

X

Raiamas sp.

X

X

Distichodus affinis

X

X

Distichodus antonii

X

X

Distichodus fasciolatus

X

X
X

Distichodus langi
Distichodus lusosso

X

Distichodus notospilus

X

Distichodus sexfasciatus

X

X

Distichodus sp.

X

X

Eugnathichthys eetveldii
Eugnathichthys
macroterolepis

X

X

X

X

Eugnathichthys sp.

X

Ichthyborus ornatus

X

Mesoborus crocodilus
Microstomatichthyoborus
bashforddeani

X

Nannocharax sp.

X

Phago boulengeri

X

X

Phago intermedius

X

X

Phago loricatus

X

Phago sp.

X

Xenocharax sp.

X

Xenocharax spilurus

X
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X

X

X

X

13
14
15

Hepsetidae
Latidae
Malapteruridae
Malapteruridae
Mastacembelidae

16

Mastacembelidae
Mastacembelidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae

17

Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae

12
5
12
6
12
7
12
8
12
9
13
0
13
1
13
2
13
3
13
4
13
5
13
6
13
7
13
8
13
9
14
0
14
1
14
2
14
3
14
4
14
5
14
6
14
7
14
8

Hepsetus odoe

X

X

Lates niloticus

X

X

Malapterurus electricus

X

X

Malapterurus sp.

X

Mastacembelus congicus

X

Mastacembelus marchei

X

X

Mastacembelus sp.

X

X

Atopochilus christyi

X
X

Chiloglanis batesii
Microsynodontis sp.

X

Synodontis acanthomias

X

X

Synodontis alberti

X

X

Synodontis angelicus

X

X

Synodontis batesii

X

Synodontis congicus

X

Synodontis contractus

X

X
X

Synodontis courteti
Synodontis decorus

X

X

Synodontis flavitaeniatus

X

X

Synodontis greshoffi

X

X
X

Synodontis longibarbis
Synodontis longispinis
Synodontis
multimaculatus
Synodontis nigriventris
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X
X
X

Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mochokidae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
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Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae

14
9
15
0
15
1
15
2
15
3
15
4
15
5
15
6
15
7
15
8
15
9
16
0
16
1
16
2
16
3
16
4
16
5
16
6
16
7
16
8
16
9
17
0
17
1
17
2

Synodontis notatus

X

X

Synodontis nummifer

X

X
X

Synodontis pardalis
Synodontis pleurops

X

X
X

Synodontis rebeli
Synodontis sp.

X

Brienomyrus brachyitius

X

X

Brienomyrus sp.

X

Brienomyrus tavernei
CampyloMormyrus
christyi
CampyloMormyrus
curvirostris

X
X
X

CampyloMormyrus mirus
CampyloMormyrus
numenius
CampyloMormyrus
rhynchophorus

X

X

X

X

X

X

CampyloMormyrus sp.
CampyloMormyrus
tamandua

X

X

X

X

Genyomyrus donnyi

X

X

Genyomyrus petersii

X

Genyomyrus sp.

X

X

Gnathonemus petersii

X

X

Gnathonemus sp.

X

X

Hippopotamyrus sp.

X

X

Hippopotamyrus weeksii

X

X

Isichthys henryi

X

X
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Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
Mormyridae
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Nandidae
Notopteridae

20

Notopteridae
Notopteridae

17
3
17
4
17
5
17
6
17
7
17
8
17
9
18
0
18
1
18
2
18
3
18
4
18
5
18
6
18
7
18
8
18
9
19
0
19
1
19
2
19
3
19
4
19
5
19
6

Marcusenius cyprinoides

X

X

Marcusenius fritelli

X

X

Marcusenius greshoffii

X

X

Marcusenius monteiri

X

X

Marcusenius moorii

X

X

Marcusenius sp.

X

X

Mormyrops anguilloides

X

X

Mormyrops caballus

X

X

Mormyrops nigricans

X

X

Mormyrops sp.

X

X

Mormyrus rume

X

X

Mormyrus sp.

X

X

Myomyrus macrodon

X

X
X

Myomyrus sp.
Petrocephalus ansorgii

X

Petrocephalus balayi

X

X

Petrocephalus christyi

X

X

Petrocephalus sp.

X

X

Pollimyrus sp.

X

X

Stomatorhinus patrizii

X

Polycentropsis abbreviata

X

Papyrocranus afer

X

Papyrocranus congoensis

X

X

Xenomystus nigri

X

X
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21
22

Pantodontidae
Phractolaemidae
Polypteridae
Polypteridae
Polypteridae

23

Polypteridae
Polypteridae
Polypteridae
Polypteridae
Polypteridae

24

Protopteridae
Protopteridae
Schilbeidae
Schilbeidae
Schilbeidae

25

Schilbeidae
Schilbeidae
Schilbeidae
Schilbeidae
Tetraodontidae

26

Tetraodontidae
Tetraodontidae

19
7
19
8
19
9
20
0
20
1
20
2
20
3
20
4
20
5
20
6
20
7
20
8
20
9
21
0
21
1
21
2
21
3
21
4
21
5
21
6
21
7
21
8

Pantodon buchholzi

X

Phractolaemus ansorgii

X
X

Polypterus congicus
Polypterus endlicherii
Polypterus
mokelembembe

X

X

Polypterus ornatipinnis

X

X

Polypterus palmas

X

X

Polypterus retropinnis

X

X

Polypterus sp.

X

X

Polypterus weeksii

X

X

X

Protopterus dolloi

X

Protopterus sp.

X

Eutropius grenfelli

X

Eutropius sp.

X

Pareutropius debauwi

X

X

Schilbe grenfelli

X

X

Schilbe intermedius

X

X

Schilbe marmoratus

X

X

Schilbe sp.

X

X

Tetraodon mbu

X

Tetraodon miurus

X

Tetraodon sp.
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X
X

Table I.2. Sumary of fish species richness and diversity index in the 400km studied
stretch of the Sangha River and from other freshwater systems across Africa
(continued onto next page)
Location

Survey type

Species
richness

Shannon’s
index

Sipson’s
index

Sangha River
(STN)

Overall,
multimesh
Gillnet and
creel

250,
SD=16.15
(estimate
Chao 2
mean)

4.25
(SD=0.01)

43.72
(SD=0.02)

Sangha River
(STN)

Fisheriesindependent
with
multimesh
Gillnet

196,
SD=9.3
(estimate
Chao 2
mean)

4
(SD=0.01)

35.58
(SD=0.02)

Sangha River
(STN)

Mixed-gear
creel

181,
SD=6.9
(estimate
Chao 2
mean)

3.97
(SD=0.01)

29.42,
(SD=0.03)

Nki falls, Sangha
drainage,
Cameroon

creel

200 -300

Abell et
al. 2008

91

Schelly
&
Monsem
bula
(2006)

Source

This
study

This
study

This
study

Salonga &
Yenge Rivers,
Salonga
Landscape, DRC

creel

Lomako/Maring
a River System,
DRC

creel

3.3

Abell et
al. 2008

Lac Tumba,
DRC

creel

2.8

Schelly
&
Monsem

34

bula
(2006)
Lac MaïNdombe, DRC

creel

3.2

Gordon
et al.
(2006)

Lake Malawi

creel

~800*

Gordon
et al.
(2006)

Cross river basin
(Cameroon Nigeria)

creel

132**

Teugels
et al.
(1992)

*out of the 800 species, 90% were from Haplochromine Cichlids group

** The Cross River is the West African Basin’s richest river hosting at least 132 out of
nearly 166 fish species recognized from this region
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Figure I.1. Study are along the Sangha River showing the STN protected areas, the
four survey sectors and the main human settlements along the river
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Figure I.2. Plot of fish species richness expressed by the Chao 2 Mean value and
species rarefaction curves S(est) under 100 sample randomizations (Bootstrap) with
95% CI (T=3186, n=38386) and extrapolated rarefaction (“T’=7000”) for the pooled
data from the two surveys
275
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Number of fish species

200
175

Chao 2 Mean (species richness)

150
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125
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100
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75
50
25
0

Number of samples (fishing events)

Figure I.3. Plot of fish species richness expressed by the Chao 2 Mean value and
species rarefaction curves S(est) under 100 sample randomizations (Bootstrap) with
95% CI (T1=1784, n1=20116) and extrapolated rarefaction T1’=5000) for the multimesh Gillnet survey data
275
250
225

Number of fish species

200
175
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150
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Figure I.4. Plot of fish species richness expressed by the Chao 2 Mean value and
species rarefaction curves S(est) under 100 sample randomizations (Bootstrap) with
95% CI (T2=1402, n2=18270) and extrapolated rarefaction (T2’=5000) for the
fishers’ mixed gear creel survey data
275
250
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200
175
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CHAPTER II
CANONICAL CORRESPONDENT ANALYSIS (CCA) OF FISH SPECIESENVIRONMENTAL RELATIONSHIPS USING FISHERIES-DEPENDENT AND
FISHERIES-INDEPENDENT DATA FROM THE SANGHA RIVER, SANGHA
TRI-NATIONAL CONSERVATION LANDSCAPE

II.1. Abstract
Canonical Correspondence Analysis (CCA) was chosen as one of the most
powerful and suitable constrained ordination technique to portray the major patterns in
relationships among 55 species and group of species from the 2007-2008 fisheriesindependent multi-mesh Gillnet survey data and 60 species and group of species from the
2009-2010 fisheries-dependent mixed gear survey data with recognized economical value
among the fish community and gradients of environmental variables in a 400k stretch of
the Sangha River located in the Sangha Tri-National conservation Landscape.

This

study efficiently used fish occurrence with environmental variables to identify which
environmental variables are most important in structuring the community, describe how
the environmental variables are related to each other and how the fish community varies
along these most important environmental gradients. The final set of environmental
variables used in the study included water quality, latitude (Y coordinates) as a proxy for
gradients of location from north or upstream to south or downstream, distance to nearest
human settlements, distance to nearest active logging concessions, distance to the park
borders, vegetation types surrounding fishing sites and human population size. Overall,
results from the CCA suggested that a high total variance of 25.67 in species data for the
multi-mesh Gillnet survey and 19.931 for the fishers’ mixed gear survey, of which,
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respectively 5% (1.149) and 3.3% (0.657) were explained by environmental variables and
both highly significant (respectively Chi-square = 1.1494, p<0.001, df=5 and Chi-square
= 0.557, p<0.001, df=3). Results also suggested that among environmental variables,
latitude and distance to park borders have the strongest importance in the ordination but
they seemed to be strongly negatively correlated to each other. Not so surprisingly and as
evidence of the landscape configuration, strong negative correlations were also found
between latitude with distance to urbanization and turbidity, while strong positive
correlations were found between distance to park borders with distance to urbanization
and mixed forest. Among the species: Mormyrus spp. and Clarias spp. tended to have
very similar distribution and they have their higher abundance relative to high gradient of
mixed forest; very strong similarity in distribution was also found between Petrocephalus
balayi, Synodontis nummifer, Citharinus gibbosus, Distichodus affinis, and Synodontis
notatus that have their highest abundance relative to high turbidity, and Chrysichthys
thonneri, Hydrocynus spp. and Labeo parvus that seemed to have slightly their highest
abundance further north (i.e. with latitude); similarity in distribution was found between
Synodontis notatus, Clarias buthupogon and Synodontis acanthomias and they all tended
to have their highest abundance with increased distance to urban and slightly with
increased distance to park borders. These findings were useful in portraying both species
that potentially share the same niche as well as potential avoidance of areas with high
levels of human disturbance such as near large towns or high water turbidity. However,
results of the constrained ordination provide descriptive patterns in fish-environment
relationships relevant for conservation planning and sustainable management of the
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Sangha Tri-National fisheries but still suffer from the inherent sapling biases associated
with fisheries-dependent surveys. More specific species-environment models with a
more systematic sampling should be considered for advanced investigations and
predictions if needed.
II.2. Introduction
The Sangha Tri-National (STN) landscape has recently received a significant
interest from the local communities and international organization leading to its being a
declared global priority landscape by the Wildlife Conservation Society (WCS), the
Central African Regional Program for the Environment (CARPE), the Congo Basin
Forest Partnership (CBFP), and more recently a UNESCO Natural World Heritage since
2012. Unfortunately, the lack of information about the status of key natural resources
such as freshwater fishes remain the main challenge for the effective management of this
landscape. However, the recent expansion of commercial logging in the region has also
brought by an exponential human population growth and encroachment across the
landscape, which in turn leads to an exponential increase and possible overexploitation of
natural resources, with freshwater fish being the most exposed. More particularly, with a
recent influx of workers for the logging companies, both fishing and hunting have shifted
from subsistence use by the indigenous peoples and other local communities to more
commercial-oriented in order to feed large and increasing populations in the region and
outside at the cities and towns and to maximize profits (Bennett & Jessica 2008).
Moreover, recent economic opportunities and a high level of unemployment
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across the Central African countries, has caused fishing along the Sangha River where
catches have remained relatively higher compared to other fisheries across the region to
become an incentive for immigration into the region. As a consequence, most former
temporary and subsistence-oriented fishing camps along the River have progressively
evolved during the past couple of decades to form permanent villages with ambiguous
status, and some of them being used for incursions into the neighboring protected areas
for illegal hunting and fishing. Furthermore, fish species with high catch due to their
body biomass, abundance are being more targeted with new unconventional and
destructive fishing techniques being introduced into the fisheries, increasing the level of
threats and resource depletion reinforced by the prevailing negative effects from climate
change, that could soon or later lead to species extinction (Maclean & Wilson 2011;
Ginter et al. 2015).
In addition to direct threats from unsustainable fishing, changes across the STN
landscape are expected to affect freshwater habitats with increased chemical and other
particle depositions river shallowing as a consequence of reduced forest covers from
logging and agriculture expansion of logging road networks and increased soil erosion.
There is therefore an urgent need to improve our understanding of this critically
important but fragile ecosystem by turning field data into meaningful, easy to understand
and accurate information available to the local and scientific communities, natural
resources managers and stakeholders, and local government officers.
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The current study is aiming to filling the current gaps in the Sangha Tri-National
freshwaters by investigating how the fish populations are distributed across their habitats
as well as across gradients of environmental variables, including human variables such as
land-use types and ecological variables such as vegetation and water quality parameters
like turbidity. As a measure of water clarity resulting from the amount of dissolved and
suspended organic and inorganic material in addition to sediments including soil and
other debris, turbidity is one of the most critically important water quality parameter (Bell
et al. 2011). All streams have background turbidity, or a baseline standard for a natural
amount of turbidity (Jones et al. 2000). The Sangha River is generally characterized by
high fluctuations in turbidity, with much clear water in the dryer season between late
January to early April, and very murky waters with slight variations related to the rain
frequency and intensity during the rainy seasons. Native fish and aquatic life in the
Sangha River have evolved over time to adapt to this varying levels of background
turbidity. However, due to significant changes happening across the landscape during the
last two decades as a result of changes in land-use types and management, particularly
from logging, including road construction, tree cutting and forest clearing for housing and
agriculture, the Sangha River waters may remain longer at unusually high turbidity
values (Jones et al. 2000). This in turn may have a negative effect on fish and other
aquatic life that feed on fishes or are food sources for them and therefore critical to the
equilibrium of this valuable freshwater ecosystem (Van de Meutter et al. 2005).
Although it has been reported that most freshwater fishes are relatively tolerant of the
direct effects of turbidity (Bell et al. 2011), fishes exposed to prolonged turbid waters
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may become much stressed and signs may include increased respiration rate, reduced
growth and feeding rates, delayed hatching and in severe cases, death (Van de Meutter et
al. 2005). It has also been reported that fish eggs could be ten times more sensitive to
turbidity than adult fish. Therefore, understanding patterns in resource distribution and
the relationships with their environment is a critical step forward into a well-informed
and therefore more effective conservation or sustainable natural program.
This study used direct Gradient Analysis or Constrained Ordination techniques
(De’ath & Fabricius 2000; McGarigal et al. 2000) to visually portraying the patterns and
relationships between fish community and a set of environmental variables and between
species within the focal community as well as between environmental variables, without
making any prediction about the observed relationships or the potential causing factors.
Among several species of recognized economical value within the fish
community I have chosen a set of 55 species and group of species from the 2007-2008
fisheries-independent multi-mesh Gillnet survey data and 60 species and group of species
from the 2009-2010 fisheries-dependent mixed gear survey data to be used in the
constrained ordination analysis.
Canonical Correspondence Analysis (CCA) was chosen as one of the most
powerful and suitable direct Gradient Analysis or Constrained Ordination techniques
(De'ath 2002; De'ath & Fabricius 2000; McCune et al. 2002; McGarigal et al. 2000) to
portray and describe major patterns for relationships among fish occurrence (incidence)
vs. gradients of environmental variables including water depth, temperature & turbidity,
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latitude or Y coordinates (a proxy that will portray any existing patterns in species
distribution upstream vs. downstream), distances to human settlements, including logging
towns, cities, logging concessions and park borders, and human population size.
II.3. Goal and objectives
This study aims to improve our knowledge about fish-environment relationships
by graphically and quantitatively portraying the major patterns in relationships between
fish species and group of species with recognized economical value among the fish
community and environmental variables. The following objectives will be pursued to
achieve this study goal:
- Develop a set of fish species and group of species with recognized economical
value among the fish community;
- Develop a set of environmental variables with varying gradients along the study
area;
- Choose the appropriate direct Gradient Analysis or Constrained Ordination
techniques that will better portray the major patterns in relationships among fish
species community and gradients of environmental variables;
- Based on the results, provide scientific and technical recommendations for
further research on fishes and fisheries and for sustainable management of the
Sangha Tri-National fisheries.

II.4. Materials and methods
II.4.1. Field data collection
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This study used fish counts data from the 2007-2008 multi-mesh Gillnet survey
and the 2009-2010 fishers’ creel survey from the 400km stretch of the Sangha River,
Sangha Tri-National conservation area.
In addition to the temporal variables (Years, months and seasons) and GISgenerated land-use type data (see data analysis), other variables included fishing
techniques, water quality, vegetation and Y-coordinates (latitude).
II.4.1.1 Fishing Techniques
See details about reported fishing techniques in Chapter I above.
Moreover, census data from WCS socio-economic and the recent fishing camp
(see above) surveys were used to develop an index of human population as a grouping
variable for human settlements based on population size and number of active fishers at
the survey time. The existing settlements were grouped into 6 population classes and
assigned an index by multiplying the top highest population size in each class by 2 as
follow:

- Index 40 (20x2) for all settlements with up to 20 inhabitants;

- Index 200 (100x2) for all settlements with 21 to 100 inhabitants;

- Index 1000 (500x2) for all settlements with 101 to 500 inhabitants;

- Index 2000 (1000x2) for all settlements with 501 to 1000 inhabitants;
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- Index 10000 (5000x2) for all settlements with 1001 to 5000 inhabitants, and;

- Index 40000(20000x2) for all settlements with 5001 to 20000 inhabitants.

The resulting tables were then converted into feature classes and the value of the
human population index from a nearest village, town or city was assigned to fishing sites
using a Spatial analysis tool called “Near” in ArcGIS 10.2.1 (ESRI 2013).
II.4.1.2 Water quality
During the 2007-2008 survey, three parameters related to water quality were
associated with each fish sampling site, namely water turbidity, depth and temperature.
II.4.1.3 Water turbidity
As a measure of water clarity resulting from the amount of dissolved and
suspended organic and inorganic material in addition to sediments including soil and
other debris, turbidity is one of the most critically important water quality parameter (Van
de Meutter et al. 2005; Bell et al. 2011). All streams have background turbidity, or a
baseline standard for a natural amount of turbidity (Jones et al. 2000). The Sangha River
is generally characterized by a pretty high fluctuation in turbidity, with much clear water
in the dryer season between late January to early April, and very murky waters with slight
variations related to the rain frequency and intensity during the rainy seasons (Patrick
Boundja, Pers. Com.). Native fish and aquatic organisms in the Sangha River may have
evolved over time to adapt to this varying levels of background turbidity. However, due
to significant changes happening across the landscape during the last two decades as a
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result of changes in land-use management, particularly from logging, including road
construction, tree cutting and forest clearing (notwithstanding at very small scale so far
across the landscape) for housing and agriculture, the river may remain longer at
unusually high turbidity values (Jones et al. 2000). This in turn may have a negative
effect on fish and other aquatic life that feed on fishes or are food sources for them and
therefore critical to the equilibrium of this valuable freshwater ecosystem (Van de
Meutter et al. 2005). Although it has been reported that most freshwater fishes are
relatively tolerant of the direct effects of turbidity (Bell et al. 2011), fishes exposed to
prolonged turbid waters may become much stressed and signs may include increased
respiration rate, reduced growth and feeding rates, delayed hatching and in severe cases,
death. It has also been reported that fish eggs could be ten times more sensitive to
turbidity than adult fish.
Each field team was equipped with a Transparency tube with a painted disk and
performed turbidity measurement in Nephelometric Turbidity Unit (NTU) from a water
sample collected at each fishing site. However, for technical reasons, only 1707 out of
1784 sites have had turbidity recordings during the survey and the missing data were
assigned as computed mean of the recorded turbidity (Little & Rubin 1987, Legendre &
Legendre 2012).
II.4.1.4 Water depth
In addition to the regular seasonal fluctuations, it has been noticed that the Sangha
River waters are getting shallower since the last two decades. It is more obviously that
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the observed water shallowing is mainly due to an increased rate in soil erosion possibly
for the same reasons as with turbidity (i.e. forest logging, road construction, tree cutting
and forest clearing for housing and agriculture) and, in part to interrupted river bed
dragging following discontinuity in ship traffic in mid 1990s. As with turbidity, water
depth was measured from 1618 locations out of 1784 fishing sites using an infrared depth
sounder. The missing water depth data were assigned as a computed mean of the
recorded depth from the 1618 sites (Little & Rubin 1987, Legendre & Legendre 2012).
II.4.1.5 Water temperature
The same infrared depth sounder was equipped with a thermometer and used to
take three measurements of water temperature at 1533 locations out of 1784 fishing sites.
The missing water temperature data were assigned as calculated mean of the recorded
temperature from the 1533 sites (Little & Rubin 1987, Legendre & Legendre 2012).
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II.4.1.6 Vegetation near fishing sites
At each sampling site (for the 2007-2008 survey only), the dominant terrestrial
vegetation type was recorded and converted into binary data (presence/absence).
II.4.1.7 Y-coordinates (gradients of latitude)
The Y-coordinates associated with each sampling location were used as a proxy
that will portray any existing patterns in species distribution upstream vs. downstream.
The Y-coordinates across the surveyed stretch of the Sangha River ranged from nearly
0.521000o N (Decimal degrees) downstream to 3.170000o N (decimal degrees)
upstream.
II.5 Data analysis
II.5.1 Survey design post stratification
In addition to the three sectors (zones) stratification developed prior the field
deployment as described above; the 400km surveyed stretch of the Sangha River was
post stratified according to the four (4) main land-use types:

- Forest logging, when the River flows through active commercial logging
concessions;
- Urbanization, when the River flows through areas within 5-10km radius (based
on evidence showing how far city residents go fishing in average) around four
major formal cities (Department or District capitals) along the surveyed section of
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the River, namely Ouesso in Congo, Lindjombo (smallest city, 5km radius
applied), Bayanga and Salo in CAR;
- Parks, when the River flows through conservation areas, national parks (Lobéké
in Cameroon and Ndoki in CAR) in this case and;
- Village, when the River flows through rural areas within a 2km (based on
evidence showing how far small village residents go fishing in average) radius
around 127 formal villages and small towns with no development activities
occurring.
New polygon feature classes were therefore generated as buffers depicting areas
of influence from each human settlement with 15km and 5km radius around large and
small cities (urban) respectively, 10km around major logging towns and 1km around
villages (Fig.II.1), but see below for the differences between villages based on population
size). The resulting buffer polygons were used along with the existing park and logging
concession layers to split (with a tolerance search radius of 100m) the 400km stretch of
the surveyed river into small sections based on the different land-use type polygons using
a Geoprocessing tool “Split” in ArcGIS 10.2.1 (ESRI 2013).
As a result, I ended up with intermediate land-use types made of combinations of
two to three original land-use types and the total length of all the sections representing
each land-use type was obtained by excluding (extracting) any other overlapping land-use
types. The largest section of the surveyed river was found in the interface logging +
village land-use type (31.5%) and the second largest was the village (19%) followed by
logging (10.5%) and logging + urban + village (10.25%).
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Despite the multiple land-use

types, village and logging appear to be overlapping with other land-use types, forming
the intermediate land-use types and remain the dominant land-use types in the Sangha
Tri-National landscape (Fig.II.1).
Based on the geographic coordinates associated to each sampling (fishing)
location, each observation was assigned to a particular land-use type using “Spatial Join”,
a Spatial Analyst tool in ArcGIS 10.2.1 (ESRI 2013). However, as there is no physical
border defining each land-use type, I allowed a tolerance search radius of 500m for the
villages and 1000m for urban and logging when performing the “Spatial Join”.
Like in Chapter I, the two surveys data will be treated separately based on the
specific objectives and methods of data collection as describes above, and pooled when
possible to provide an overview of the fish community.
The data analyses related to Ordination techniques were performed in RStudio
Version 0.98.1091 (RStudio 2009-2014) and involved several packages such as the
Vegan (Oksanen et al. 2007, Oksanen et al. 2013, ), and libraries such as ‘car’ library.
Direct Gradient Analysis or Constrained Ordination techniques were used to
describe major patterns for relationships among fish occurrence (incidence) vs. a gradient
of environmental variables: water depth, temperature & turbidity, Latitude or Y
coordinates (a proxy that will portray any existing patterns in species distribution
upstream vs. downstream), distances to human settlements, including logging towns,
cities, logging concessions and park borders, and human population size. The potential
candidate constrained ordination techniques commonly used in ecology to understand
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species and community response or relationships with the environment are Canonical
Correspondent Analysis (CCA) if unimodal species response to environmental variables,
or Redundancy Analysis (RDA) if the response was linear.
A series of preliminary data screening, adjustments and partial ordination
performed bellow will provide guidance in the final choice of the suitable response model
to be used in the final constrained ordination.
II.6 Species selection
Although fishers are more opportunistic and do not have any strict choice about
which species of any particular size will be caught, some species are more targeted based
on consumers’ preferences for their taste and/or size and therefore have a greater
economic value than others.
These species are often targeted by particular fishing techniques and therefore are
of high importance for the region fisheries management. Among these species of
recognized economical value among the fish community I have chosen a set of 55 species
and group of species from the multi-mesh Gillnet survey data and a set of 60 species and
group of species from the fishers’ survey data to be used in the constrained ordination
analysis (Table II.1).
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II.7 Species occurrence
As one would expect, there was a skewed distribution of species in both original
datasets, with high probability of species with low to moderate occurrences of 100 or less
and the probability dropped very fast in the multi-mesh Gillnet survey but almost
smoothly in the mixed gear fishers’ survey up to 200 occurrences (Fig.II.2). There were
a few cases of extremely high occurrences of 300 and 400 in the mixed gear fishers’
survey data and above 600 in the multi-mesh Gillnet survey data. However, a fairly nice
Gaussian distribution of species occurrence was obtained with the log-transformed
species occurrence data in the case of the mixed gear fishers’ survey but not really for the
multi-mesh Gillnet survey (Fig.II.2).
A few species such as Alestes spp. and Petrocephalus sp. have high frequency of
occurrence but fairly low mean abundance while Chrysichthys thonneri has the highest
mean abundance but very low frequency of occurrence (Fig.II.3)
However, there was a real redundancy in the fish abundance overall as supported
by the high rank order pairwise correlations between actual and random species
occurrence in both datasets (Fig.II.4). This high redundancy in this fish community data
should be expected and is good for the performance of the further direct gradient analysis
or constrained ordination.
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II. 8 Accounting for outliers and data sufficiency
Based on the constrained analysis requirements, all species that could have been
included in the above list (see Table 1 above) based on their economic value with 5 or
less encounters (incidence), and species occurring in less than 5 sites (fishing events)
were removed from the datasets for further analyses. Moreover, all unfruitful fishing
events (samples or rows), in this case fishing events with only zeros were also removed.
Despite a few cases of slightly superabundance found in both surveys that could
have been treated as outliers (Fig.II.4), all fish species were kept because of their
importance in the community for the purpose of this particular study.
A multivariate outlier test was performed on both datasets separately by
computing the average Manhattan Distance between each sample and the rest of all other
samples in the dataset. A list of samples with highest average Manhattan Distance with
the rest of the samples their CV (based on a conservative probability p<0.001) was
produced and accounted for in further analyses (Table II.2).
The data matrix dimension went from 1726 rows to 1706 in the multi-mesh
Gillnet survey and 1323 rows to 1296 in the fishers’ creel survey after dropping the
outliers.
Running the CCA as chosen bellow significantly improved the performance of the
Ordination with both datasets when the outliers were dropped.
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II.9 Choosing the appropriate response model
A high percentage of zeros in the species count (as only a few fish species are
caught in a given fishing event) is one of the first arguments against the use of RDA in
this fish community data (Orlóci 1978, Legendre & Gallagher 2001, Legendre &
Legendre 2012).
Moreover, the use of CCA seems suitable in this case as we are dealing with some
species of high interest based on their economic value but happened to be among the
rarely caught ones. The constrained ordination using CCA performs the multiple linear
regression based on site totals, and therefore will allow giving high weight to these rare
species by weighting sites unequally.
Furthermore, I conducted a ‘DCA’ to evaluate the gradient length of axes of the
species data, a joint plot of sites and species, and species fitted curves on each axis.
gradient length of axes of the species data
The gradient length of axes in DCA representing the length of the first four
ordination axes is a measure of the magnitude of species turnover along the full length of
gradient as standard deviations in species scores. Gradient lengths of axes calculated on
log-transformed species data from both surveys were generally high (Table II.3). In
addition to the actual long variability seen along the river gradient, the large gradient
lengths (>4) found in all the four axes for the fishers’ survey and two out of four
Canonical axes for the multi-mesh Gillnet survey (DCA2 and DCA4) provided a strong
support for a unimodal model for fish species response to environmental variable in this
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studied stretch of the Sangha River and therefore for the use of CCA as a choice for the
ordination.
The fish species modes or optima are overall found mostly inside the sample
points in the unconstrained ordination joint plots in the two survey datasets, which may
be a strong support choosing CCA in the ordination (Fig.II.6).
While species abundance on the first two axes for a few fish species was distributed
monotonously, continuously flat, decreasing or increasing, sometimes bimodal, species
fitted curves were predominantly unimodal for most species in the fish community.
II.10 Independent environmental variable selection
II.10.1 Partial Variable Inflation Factors (VIF) of constraining variables
Most constraining variables have very high Variables Inflation Factors greater
than 10, showing strong partial multiple correlations between these variables and other
variables (Table II.4). The next steps will therefore be applied to select a set of best
constraining variables to keep in the final ordination after re-computing Variable
Inflation Factors for the final model.
The co-linearity among predicting or constraining variables was tested using
Person’s product-momentum bivariate correlation between pairwise combinations of
variables separately from the m ulti-mesh and fishers’ creel surveys.
Distance from logging town (distloggtown) is highly correlated with distance to
park borders (distpark) and distance from urbanization (disturban) in both survey
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datapoints, but seems to have less co-linearity with other variables than distance from
urbanization as supported by the pairwise correlations (Fig.II.9 & Fig.II.10). However,
running the final model with distance from logging town produced much higher Variable
Inflation Factors for all the three variables in the model than when I ran the model with
distance from urbanization.
After accounting for multi co-linearity as supported by the pairwise correlations
among constraining (explanatory) variables running partial CCA, first, a forward
stepwise procedure was performed having only one of the variables by itself as a
constrained to see its marginal effect. Due to the fact that the marginal effect does not
take into account the correlation of the selected variable with other variables in the
model, I performed a backward stepwise procedure having all the other constraining
variables when leaving one out each time to see its conditional effect in the ordination
(Table II.5). The best variables to be kept for the final ordination will be based on the
combination of their marginal and conditional effects, which means their total
explanatory power in describing variability in species data expressed as eigenvalues for
the constrained axes (Table II.5).
Based on the above marginal and conditional effect as expressed by the
Eigenvalues of each constraining variables, the set of constraining variables to be used in
the final ordination will include distance to urbanization or formal towns (disturban),
distance to the park borders (distpark) and latitude for both surveys and, additional
variables for the multi-mesh Gillnet survey will include turbidity as the only water
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quality variable and mixed forest (vegetypemixedfor) as the only vegetation variable.
Despite its fairly high conditional and marginal effects, the aquatic vegetation made of
Marantaceae-Zingiberaceae (vegeMarantaceae) was not included in the final ordination
due to its very low representatively (0.39%) among the sampling sites and will have
empirically no real explanatory power on the species-environmental relationships.
Final Variable Inflation Factors (VIF) of constraining variables show a significant
improvement and potentially a strong support that the final set of explanatory variables
will do a great job in portraying species-environment relationships in the constrained
ordination (Table II.6).
II.11 Data standardization and transformation
To prevent the effects of high variability in species count data on the ordination
results, especially CCA that is highly sensitive to variation (high CV) in row total and
column total (as supported by a high CV), the data were column total standardized after
dropping the samples with high Manhattan Distance and CV (see section on outliers
above). However, after running the constrained ordination with the original data being
column total standardized and with the log-transformed and column total standardized
data, I found a very similar result despite slightly higher Eigenvalues obtained with the
first procedure. Therefore, I chose to run the final constrained ordination with the logtransformed and column total standardized data as a conservative approach and also
based on the effect of log-transformation in correcting the skewed probability distribution
of the species count data as seen above.
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The final constraining variable dataset was column-total standardized before
running the final ordination.
II.12 Interpretation of the Constrained Ordination results
II.12.1 Eigenvalues and proportion of variance explained
The proportion of species’ variance or total inertia explained by each axis
computed as eigenvalue will be reported as cumulative percentage accounted for, and
will provide a measure of the importance of the ordination axis.
II.12.2 Testing the significance of the ordination results
The Analysis of Variance under 999 permutations will be applied to test the
significance of the ordination overall for all constraints simultaneously and by axes then
by constraining variables or terms.
II.12.3 Ordination scores
The sample scores in species space computed as the Weighted Average (WA) of
species scores that are similar as possible to the Linear Combination (LC) or sample
scores in environmental space will be used to portray the relationships among samples,
species and explanatory variables in the triplot (McCune 1997).
II.12.4 Species-environment correlation
As a measure of how the extracted variation in fish community composition was
explained by the set of constraining environmental variables, the species-environmental
correlation also known as multiple correlation of the final regression will be computed as
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linear combinations of environmental variable scores (LC scores). However, as suggested
by Oksanen (2015), the species-environmental correlation like most correlations can be
sensitive to extreme scores or model over-fitting when too many constraining variables
are used and therefore in not a good measure of goodness for ordination.
II.12.5 Goodness of fit of species-environmental variable
To assess how well each species is represented in the final constrained ordination,
the goodness of fit will be computed and used to extract the proportion of each species’
variance (inertia) explained by all the canonical axes and by each axis representing the
constraining variables.
II.12.6 Plotting and interpreting the final results of the Canonical Correspondence
Analysis
The triplot will be produced as a final result of the constrained ordination using
the species scaling approach to optimally portray inter-species relationships. In this case,
the variance of species scores on each axis will reflect the importance of this axis as
measured by the eigenvalue, and the variance of the sample scores along the axes
assumed equal.
Finally, for each species with a significant goodness of fit, fitted curves of
species-environmental variables will be plotted on the final ordination space to depict the
real relationships.
II.13 Results
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II.13.1 Fishing techniques
A higher proportion (nearly 32%) of fishing sites were located within the interface
between the logging concessions and villages (logging + village), followed by the village
or rural area (nearly 18%, see Fig.II.11). Only less than 3% of sampling effort was
located with the purely urban area and slightly more than 7% within the interface
between urbanized and rural areas (urban + village, see Fig.II.11).
Overall, with a few exceptions where I either oversampled (park + village and urban +
village) or under sampled (village, logging + urban and urban) there was no significant
difference between the proportions of existing land-use types and the proportion sampled.
II.13.2 Water quality
Despite a few cases when turbidity went above 100NTUs in September,
November, December, mid-April and June obviously following heavy rainfall events, the
range of variation was mainly found between 10 and 62NTUs (Fig.II.12).
The overall range of depth varied between nearly 1 to 4m with a few exceptions
when the sites felt into waters more than 10m deep in September, October, November
and May (Fig.II.13). However, I need to point out that the depth here was taken at the
suitable fishing sites as chosen by experienced fishers recruited to help the field crews
setting the Gillnets and does not represent the maximum Sangha River depth which may
get as deeper as 45m at some places between October-December.
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As expected, the coolest temperatures were found during the morning recordings
(temperature 2) with the coldest water observed at the beginning of the dry season in
December-January (Fig.II.14). There was an overall average variation of 10 oC during
the survey period (ranged between 23 and 33 oC) and the warmest waters were found
during the last half of the dry season between late February and late March (Fig.II.15).
II.13.3 Vegetation near fishing sites
The large majority (78%) of the sampling sites felt near mixed forest with various
height and tree composition and a non-negligible portion (21%) were near swamp forest.
Other terrestrial vegetation types found near sampling sites included raffia palm stands
(0.6%) and mono-dominant forest of Gilbertiodendron dewevrei trees (0.3%).
Moreover, the presence of oil palm stands as a sign of past human occupation
near the river was observed at 2% of sampling sites.
In addition to the dominant terrestrial vegetation types, data were collected on the
aquatic vegetation near the sampling sites. The aquatic plants found were grouped into
five (5) main categories based on their vegetative form similarity, namely: shrub and
vines (e.g. Alchornea cordifolia, Manniophyton fulvum); ferns and herbs (e.g.
Cyrtosperna sp., Echinochloa sp., Eichhornia crassipes, Salvinia sp.); raffia palms (e.g.
Raphia spp.); rattan palms (e.g. Laccosperma secundiflora syn. Ancystrophyllum
secundiflorum) and; Marantaceae-Zingiberaceae (e.g. Haumania spp., Megaphrynium
macrostachyum, Aframomum spp.). In each case, the total number of species of aquatic
plant from each category was recorded. Aquatic vegetation was recorded from 1545 out
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of 1784 sites. Ferns and herbs were the most common aquatic vegetation found in
86.60% of sampling sites with records. Shrub and vines were only found at 6.41% while
rattan palms were found at 5.89% of sampling sites with records. Raffia palm and
Marantaceae-Zingiberaceae were scarce and only found at 0.71% and 0.39% of
sampling sites with records respectively.
II.13.4 Ordination of species-environmental variables using Canonical
Correspondent Analysis
Distance to park borders has much more weight in the linear combinations to
constrain on the second axis in the fishers’ survey data followed by latitude on the first
axis and distance to urbanization (disturban) on the third axis (Table II.7b). However,
based on standardized canonical coefficients, distance to park (distpark) has a fairly
higher weight on the second axis, followed by latitude on the first axis and turbidity on
the fifth axis than other variables in the multi-mesh Gillnet survey data (Table II.7a).
Total variance in the species data was 25.667 for the multi-mesh Gillnet survey
and 19.931 for the fishers’ mixed gear survey, of which, respectively 5% (1.149) and
3.3% (0.657) are explained by the constraining variables (Table II.8).
Overall, the proportion of fish species variance explained by all the environmental
constraints was highly significant for both the multi-mesh Gillnet survey (Chi-square =
1.1494, p<0.001, df=5) and the fishers’ mixed gear survey (Chi-square = 0.557, p<0.001,
df=3). Moreover, the proportion of fish species variance explained by the environmental
constraints was highly significant on the first four axes for the multi-mesh Gillnet survey
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(Chi-square respectively = 0.3953, 0.2868, 0.2171 and 0.2043, p<0.001, df=1) and on all
the three axes for the fishers’ mixed gear survey (Chi-square respectively = 0.3638,
0.1679 and 0.1253, p<0.001, df=1). Furthermore, looking at each terms in the model, the
proportion of fish species variance explained by each of the five environmental
constraints alone was highly significant for the multi-mesh Gillnet survey, including
latitude, mixed forest, turbidity, distance to park borders and distance to urban (Chisquare respectively = 0.3645, 0.2090, 0.1539, 0.2295 and 0.1924, p<0.001, df=1) and by
each of the three environmental constraints alone for the fishers’ mixed gear survey (Chisquare respectively = 0.3363, 0.1764 and 0.1443, p<0.001, df=1).
The species-environmental correlation also known as multiple correlation of the
final regression was significantly high on the first three axes for the multi-mesh Gillnet
survey (Table II.9a) and only on the first axis for the fishers’ mixed gear survey (Table
II.9b).
A very strong negative correlation between sample scores (LC) and
environmental variables also known as IntRA-Set Correlation (structure) Coefficient was
found with latitude for the two surveys on the first canonical axis while a very strong
positive correlation was found with distance to urban only on the third axis for the
fishers’ mixed gear survey (Table II.10b). Strong correlations between sample scores
(LC) and environmental variables were found with distance to park borders on the first
axis for the multi-mesh Gillnet survey (Table II.10a), and on the first and second axes for
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the fishers’ mixed gear survey (Table 12b). Strong correlations were also found with
mixed forest and turbidity on the third axis for the multi-mesh Gillnet survey (Table 12a).
Overall, the correlations between species-derived sample scores (Weighted
Average “WA” scores) and environmental variables were not as strong as the correlation
between sample scores (LC) and environmental variables. However, there was a fairly
strong correlation between species-derived sample scores with latitude for the two survey
data (Table II.11).
For the multi-mesh Gillnet survey: latitude has the longest gradient of change
through the ordination space and is pointing on opposite direction from the first axis
(CCA1) and slightly opposite direction from the second axis (CCA2) as supported by its
head coordinates expressed as Biplot scores(Table II.12a) and visual inspection of the
Triplot (Fig.II.15); Mixed forest has a fairly long gradient of change through the
ordination space and is pointing on the same direction as the third axis (CCA3) and
slightly opposite direction from the first axis (CCA1) as supported by its head
coordinates expressed as Biplot scores (Table II.12a) and visual inspection of the Triplot
(Fig.II.15); Turbidity has a fairly long gradient of change through the ordination space
and is pointing on the opposite direction from the third axis (CCA3, Table II.12a,
Fig.II.15); Distance to park borders (distpark) has a fairly long gradient of change
through the ordination space and is pointing on the same direction as the first axis
(CCA1, Table II.12a, Fig.II.15) and; Distance to urban (disturban) has a fairly long

66

gradient of change through the ordination space and is pointing on the opposite direction
from the second axis (CCA2, Table II.12a, Fig.II.15).
For the fishers’ mixed gear survey, latitude has the longest gradient of change
through the ordination space and is pointing on opposite direction from the first axis
(CCA1) and slightly opposite direction from the second (CCA2) and the third (CCA3)
axes as supported by its head coordinates expressed as Biplot scores(Table II.12b) and
visual inspection of the Triplot (Fig.II.21); Distance to park borders (distpark) has a long
gradient of change through the ordination space and is pointing on the same direction as
the first (CCA1) and second (CCA2) axes (Table II.12b, Fig.II.21) and; Distance to urban
(disturban) has a long gradient of change through the ordination space and is pointing on
the same direction as the third axis (CCA2, Table II.12b, Fig.II.21).
Despite most of the variance in fish species occurrence remaining overall
unexplained by the set of constraining variables in the model as seen earlier (see Table
II.8) and confirmed bellow, a significant proportion of 17 out of 55 species’ variance with
high goodness of fit for the multi-mesh Gillnet survey (Table II.13) and 16 out of 60
species’ variance for the fishers’ mixed gear survey (Table II.14) could have been
attributed to the constraining environmental variables.
Among environmental variables, latitude and distance to park borders have the
strongest importance in the ordination but they seem to be strongly negatively correlated
to each other based on the directions of their vectors as depicted by the length of their
arrows on the Triplot for the two surveys (Fig.II.15, Fig.II.21). However, latitude and
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distance to urban are very strongly negatively correlated as they are perfectly pointing to
opposite directions while distance to park and distance to urban are positively correlated
based on the fishers’ mixed gear survey (Fig.II.21). Based on the multi-mesh Gillnet
survey, latitude is also negatively correlated with turbidity and distance to urban as they
are generally pointing to opposite directions but positively correlated with mixed forest,
while distance to park borders has a strong positive correlation with turbidity, a positive
correlation with distance to urban but a negative correlation with mixed forest (Fig.II.15).
Moreover, distance to urban is strongly negatively correlated with mixed forest as they
are pointing almost perfectly to opposite directions but has a positive correlation with
turbidity based on the multi-mesh Gillnet survey (Fig.II.15).
II.13.5 Based on the multi-mesh Gillnet survey
Among the species, Mormyrus spp. and Clarias spp. tend to have very similar
distribution and they have their higher abundance relative to high gradient of mixed
forest (Fig.II.16) and increasing abundance with latitude but decreasing abundance with
increasing distance to urban (Fig.II.15). Similarity in distribution was also found
between Heterochromis multidens, Chrysichthys ornatus and Brienomyrus spp. and they
tend to be closely located to the two first species, and they have increasing abundance
with mixed forest (Fig.II.16) and slightly with latitude but decreasing abundance with
increasing distance to urban (Fig.II.15). Moreover, very strong similarity in distribution
was also found between Petrocephalus balayi, Synodontis nummifer, Citharinus
gibbosus, Distichodus affinis, and Synodontis notatus that have their higher abundance
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relative to high turbidity (Fig.II.17) and almost at the mid-range of distance to park
borders (Fig.II.19), and slightly with increasing distance to urban (Fig.II.20).
Furthermore, very strong similarity in distribution was also found between Chrysichthys
thonneri, Hydrocynus spp. and Labeo parvus that seem to have slightly their higher
abundance with latitude (Fig.II.18), possibly lower abundance with increasing distance to
park borders and increasing turbidity but tend to be located far from almost all the other
species (Fig.II.17, Fig.II.19).
II.13.6 Based on the fishers’ mixed gear survey
With exception of Brienomyrus spp. and Synodontis congicus that tend to be
located far apart from almost all the other species, most species are found near the center
of the ordination space and are relatively close to each other, with more than half of them
showing a relatively weak relationship with the environmental variables overall in their
distribution (Fig.II.21). However, Distichodus affinis, CampyloMormyrus spp. and
Heterochromis multidens have very similar locations and they tended to be closer to
Chrysichthys spp. and Synodontis alberti that in turn are closely related in their locations,
and they all tend to have their higher abundance to some extent with higher latitude
(Fig.II.22) and with decreasing distance to the park borders (Fig.II.23) and distance to
urban (Fig.II.24). Similarity in distribution was also found between Heterotis niloticus
and Petrocephalus christyi, both tended to be to some extent strongly positively
correlated with distance to park borders (Fig.II.23) and well correlated with distance to
urban (Fig.II.24) but tend to be negatively correlated with high latitude (Fig.II.22).
Moreover, similarity in distribution was found between Synodontis notatus, Clarias
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buthupogon and Synodontis acanthomias and they all tend to have their higher abundance
with increased distance to urban to some extent (Fig.II.24) and slightly with increased
distance to park borders (Fig.II.23) but lower abundance with high latitude (Fig.II.22).
Furthermore, Clarias spp. and Synodontis pleurops have similar locations and tend to
have their higher abundance toward higher latitude to some extent (Fig.II.22) and
strongly decreasing with distance to park borders (Fig.II.23).
II.14 Discussion
The Canonical Correspondence Analysis (CCA) did a good job in using fish
occurrence with environmental variables to identify which ones of them are most
important in structuring the community, describe how the environmental variables are
related and how the community varies along these most important gradients (McCune et
al. 2002). However, while there is no doubt that the provided information about species
distribution across gradients of environmental variables in a multiple land-use landscape
such as the STN is critically important as a management tool, the choice appropriate
analytical techniques by its self was a challenging task, in the context of the STN
Landscape where a few data and variables were available but mostly incomplete and of
poor quality.
Findings from the constrained ordination were useful in portraying both species
that potentially share the same niche as well as potential avoidance due to human
disturbance such as areas near major towns (urbanized) or waters with high turbidity
(Pitcher & Hart 1983; Jones et al. 2000) but see Van de Meutter et al. (2005). For
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instance, the results shown on the ordination triplot suggested that species such as
Petrocephalus balayi, Synodontis nummifer, Citharinus gibbosus, Distichodus affinis,
and Synodontis notatus have similar distribution at least in a canonical space and tended
to cope well with high levels of turbidity. This can be explained by the 5 species feeding
mainly of fruits and other plant parts that are usually more abundant at the peak of the
rainy season when the Sangha River waters get very murky and full with debris from the
surrounding forests and lands. However, there was no alarming sign of high turbidity at
least based on this survey and no study has been carried out to support any of the above
species high tolerance to elevated turbidity that may represent another threat of fish
populations and other aquatic organisms (Van de Meutter et al. 2005). Another
interesting pattern was found with a group of Hydrocynus (spp.), Chrysichthys thonneri
and Labeo parvus sharing similar niche at least with respect to the canonical space
located at higher latitude, which means upstream in the River. This finding comes as a
strong support that the current distribution of tigerfishes (Hydrocynus spp.) and the two
other species (Chrysichthys thonneri and Labeo parvus) is more located upstream where
most of the harvests with large individual fishes have been reported.
However, the constrained ordination analysis performed here under the CCA
procedures did not intend to be used as a species-environmental variables model but
rather to quantitatively extract the amount of variance within the species data explained
by the environmental variables and provide a graphical results portraying the
relationships in a canonical space easy to visualize (De'ath 2002; De'ath & Fabricius
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2000; McCune et al. 2002; McGarigal et al. 2000). Surveys were carried across a
relatively short period covering nearly 3 years. Therefore, these data represent mostly a
snapshot of the fish community and their environment while still covering most of
seasonal variations and have been used to represent general patterns of this ecosystem at
least for a short timeframe within the magnitude of the study. However, due to the rate of
changes occurring occross the STN and the Northern Congo, it would be useful to design
a much longer study that will investigate possible longer term seasonal trends in the
observed patterns. Furthermore, I used fisheries-dependent data with caution
acknowledging the inherent sampling biases associated with fishers’ non-random choice
of fishing sites and selectivity of fishing gears that are more often designed to target a
certain group of species and rarely individuals of certain size-class (Hilborn & Walters
1992).

Potential improvement should include both an extended survey period over 5-

year as well as designing as systematic sampling that should include all the conventional
and nonconventional fishing techniques with full involvement of the local fishers’
community.
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II.16 Tables and figures
Table II.1 List of species and group of species of economic value in the studied
section of the Sangha River chosen for the ordination. Species names with notation
such as spp.~2, spp.~3 etc. refer groups of 2, 3 or more species potentially from the
same genus with low (continued onto next page)
Fish scientific name

Multi-mesh Gillnet
survey

Fishers’ mixed-gear
survey

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Alestes spp.~4
Auchenoglanis occidentalis
Brienomyrus spp.~3
CampyloMormyrus spp.~6
CampyloMormyrus tamandua
Chrysichthys longibarbis
Chrysichthys ornatus
Chrysichthys spp.~3
Chrysichthys thonneri
Citharinus spp.~3
Citharinus gibbosus
Citharinus macrolepis
Clarias spp.~2
Clarias buthupogon
Clarias gariepinus
Distichodus affinis
Distichodus antonii
Distichodus fasciolatus
Distichodus lusosso
Distichodus sexfasciatus
Distichodus spp.~3
Hemichromis elongatus
Hemichromis spp.~3
Heterobranchus longifilis
Heterochromis multidens
Heterotis niloticus
Hydrocynus forskahlii
Hydrocynus goliath
Hydrocynus spp.~2
Labeo cyclorhynchus
Labeo lineatus

x
x
x
x
x
x
x
x
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x
x

Labeo parvus
Labeo spp.~3
Lates niloticus
Mormyrops anguilloides
Mormyrops caballus
Mormyrops spp.~2
Mormyrus spp.~2
Myomyrus spp.~2
Parachanna insignis
Parachanna obscura
Petrocephalus ansorgii
Petrocephalus balayi
Petrocephalus christyi
Petrocephalus sp.
Polypterus spp.~7
Polypterus mokelembembe
Protopterus dolloi
Schilbe grenfelli
Schilbe spp.~2
Synodontis acanthomias
Synodontis alberti
Synodontis angelicus
Synodontis congicus
Synodontis decorus
Synodontis flavitaeniatus
Synodontis longispinis
Synodontis notatus
Synodontis nummifer
Synodontis pleurops
Synodontis spp.~10
Tilapia spp.~4
Tylochromis spp.~2

x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
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x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Table II.2 List of Multivariate outliers among the fishing sites (samples)
Multi-mesh Gillnet survey
Sample

avedist

Fishers’ mixed-gear off take survey

SD

Sample

avedist

SD

3

52.034

4.420

165

112.458

6.113

40

84.877

8.240

261

85.293

4.296

140

48.352

3.991

283

69.275

3.225

301

52.161

4.434

284

105.244

5.630

408

40.893

3.124

294

84.823

4.265

513

43.863

3.469

318

72.869

3.465

589

81.270

7.821

342

76.495

3.708

593

51.505

4.358

361

93.082

4.817

695

40.214

3.045

387

223.989

13.571

983

50.299

4.218

389

118.382

6.509

988

54.297

4.683

394

82.247

4.093

1011

54.718

4.732

416

99.229

5.228

1047

85.857

8.354

460

111.923

6.077

1049

105.287

10.615

481

86.535

4.379

1052

116.001

11.861

547

87.647

4.454

1053

190.217

20.495

832

76.652

3.718

1056

56.815

4.976

861

98.499

5.179

1199

42.725

3.337

926

82.017

4.077

1396

40.703

3.101

935

120.624

6.659

1522

66.613

6.116

993

71.983

3.406

997

76.764

3.726

1029

153.741

8.874

1115

70.450

3.304

1117

69.456

3.237

1157

67.741

3.122

1218

67.271

3.091

1221

77.885

3.801
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Table II.3 Gradient lengths of the first four ordination axes calculated from logtransformed fish species data form the two surveys
Multi-mesh gill net survey
DCA1
Eigenvalues

DCA2

DCA3

Fishers’ mixed-gear creel survey
DCA4

DCA1

DCA2

DCA3

DCA4

0.8050 0.4598 0.3721 0.3739

0.5408 0.4202 0.3338 0.3323

Decorana values 0.9093 0.4901 0.4174 0.3756

0.7198 0.4244 0.3782 0.3046

Axis lengths

4.8135 5.5470 5.2318 5.5155

2.7658 4.8931 2.1780 5.7582

Table II.4 Partial Variable Inflation Factors (VIF) of constraining variables

Constraining variables
vegetypemixedfor
vegetypemonodom
vegetypeswampfor
vegetyperaffiapalm
vegetypeherbMarantaceae
vegetypeoilpalm
vegeshrubvines
vegefloataquaticfernherb
vegeraffiapalm
rattanpalm
vegeMarantaceae
waterdepthm
turbidity
average.teperature
humanpopsize
numberfishers
latitude
distactivlog
distpark
distvillage
distloggtown
disturban

Multi-mesh
Gillnet survey

Fishers’ mixedgear survey

142.812205
4.348607
139.087974
9.01083
1.028059
1.187781
1.083869
1.274174
3.98209
1.382302
1.197949
1.090511
2.056011
1.214181
12.997192
13.847288
18.95407
1.559035
18.822631
1.293995
8.379937
11.626795

25.790303
22.217937
14.158476
1.463597
12.450445
1.268438
5.321313
10.207418
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Table II.5 Eigenvalues representing the marginal and conditional effects of the
constraining variables. Eigenvalues in bold are significant and variables in bold
characters are the ones with stronger explanatory power in describing variability in
species data and will be kept and used in the final ordination
constraining variables
vegetypemixedfor
vegetypemonodom
vegetypeswampfor
vegetyperaffiapalm
vegetypeherbmarantaceae
vegetypeoilpalm
vegeshrubvines
vegefloataquaticfernherb
vegeraffiapalm
rattanpalm
vegemarantaceae
waterdepthm
turbidity
average.teperature
humanpopsize
numberfishers
latitude
distactivlog
distpark
distvillage
distloggtown
disturban

Multi-mesh gill net survey
conditional
marginal
0.026335
0.22298
0.10786
0.04397
0.21805
0.029024
0.05953
0.02078
0.0158
0.015839
0.04994
0.04168
0.04983
0.03536
0.09594
0.0558
0.06614
0.013201
0.11366
0.0615
0.10387
0.13774
0.05842
0.04105
0.20778
0.08804
0.11534
0.08728
0.05665
0.05075
0.05012
0.06075
0.3645
0.15492
0.11498
0.06305
0.29673
0.10533
0.03751
0.07123
0.14741
0.08041
0.15308
0.24797

Fishers’ mixed-gear survey
marginal
conditional

0.08472
0.07345
0.3363
0.06068
0.26272
0.0796
0.11811
0.18266

0.03968
0.03861
0.14705
0.03343
0.09106
0.0361
0.0355
0.10028

Table II.6 Final Variable Inflation Factors (VIF) of constraining variables
Constraining variables
vegetypemixedfor
turbidity
latitude
distpark
disturban

Multi-mesh gill
net survey
1.056277
1.770199
4.482675
3.818824
3.182166
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Fishers’ mixedgear survey

4.796419
4.17645
2.25115

Table II.7 Standardized Canonical Coefficient of the final Ordination of fish data
for multi-mesh Gillnet survey (a) and the fishers’ mixed gear survey (b)
(a)
CCA1
CCA2
CCA3
latitude
-1.49360 0.67050 -0.90000
vegetypemixedfor -0.10998 0.12914 0.67805
turbidity
0.00916 0.18942 -0.56533
distpark
-0.36671 1.69965 -0.14262
disturban
-0.43116 -0.85818 -0.64363
(b)
CCA1
CCA2
CCA3
latitude -1.54366 1.41086 0.65734
distpark -0.35739 2.09125 -0.11577
disturban -0.42056 -0.22213 1.44761

CCA4
CCA5
0.35867 -0.72489
0.65921 0.30133
0.16236 1.25353
0.02001 -0.84342
0.89862 -0.93103

Table II.8 Total Inertia or variance in the fish data and proportion of variance
explained by all the constrained variables and by each of the variable in the final
Canonical Correspondence Analysis for the multi-mesh Gillnet survey (a) and the
fishers’ mixed gear survey (b)
(a)
Call: cca(X = y1.total, Y = zv1.std)
Inertia Proportion Rank
Total
25.6670
1.0000
Constrained
1.1490
0.0448
5
Unconstrained 24.5180
0.9552
54
Inertia is mean squared contingency coefficient
Eigenvalues for constrained axes:
CCA1
CCA2
CCA3
CCA4
CCA5
0.3953 0.2868 0.2171 0.2043 0.0458
Eigenvalues for unconstrained axes:
CA1
CA2
CA3
CA4
CA5
CA6
CA7
CA8
0.9180 0.8878 0.8447 0.8390 0.8305 0.8253 0.7943 0.7675

(b)
Call: cca(X = y2.total, Y = zv2.std)
Inertia Proportion Rank
Total
19.931
1.000
Constrained
0.657
0.033
3
Unconstrained 19.274
0.967
59
Inertia is mean squared contingency coefficient
Eigenvalues for constrained axes:
CCA1
CCA2
CCA3
0.3638 0.1679 0.1253
Eigenvalues for unconstrained axes:
CA1
CA2
CA3
CA4
CA5
CA6
CA7
CA8
0.7855 039 0.6734 0.6510 0.6113 0.5829 0.5696 0.5238
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Table II.9 Species-environmental correlation also known as multiple correlation of
the final regression, computed as linear combinations of environmental variable
scores (LC scores) for the two survey data
(a)
CCA1
CCA2
CCA3
CCA4
CCA5
0.7238442 0.6171573 0.6114094 0.5645873 0.2547998
(b)
CCA1
CCA2
CCA3
0.7602079 0.5771155 0.5024740

Table II.10 IntRA-set Correlation (structure) Coefficients explaining the correlation
between sample scores (LC) and environmental variables for the two surveys
(a)

CCA1
CCA2
CCA3
CCA4
CCA5
latitude
-0.919 -0.120 0.137 -0.327 0.130
vegetypemixedfor -0.320 0.085 0.672 0.629 0.211
turbidity
0.372 0.250 -0.626 0.446 0.458
distpark
0.630 0.565 -0.265 0.384 -0.260
disturban
0.527 -0.068 -0.435 0.674 -0.277
(b)
CCA1
CCA2
CCA3
latitude -0.938 -0.177 -0.299
distpark
0.710 0.636 0.304
disturban 0.487 0.132 0.863

Table II.11 IntER-set Correlation (structure) Coefficients explaining the
Correlations between species-derived sample scores (Weighted Average “WA”
scores) and environmental variables for the two survey
(a)
CCA1
CCA2
CCA3
CCA4
CCA5
latitude
-0.666 -0.076 0.085 -0.182 0.036
vegetypemixedfor -0.235 0.053 0.411 0.355 0.054
turbidity
0.269 0.155 -0.383 0.251 0.116
distpark
0.457 0.350 -0.163 0.216 -0.068
disturban
0.383 -0.041 -0.266 0.380 -0.072
(b)
CCA1
CCA2
CCA3
latitude -0.712 -0.102 -0.151
distpark
0.540 0.367 0.153
disturban 0.369 0.076 0.434
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Table II.12 Biplot scores for the constraining variables, representing the coordinates
of the heads of the environmental vectors, and are based on the intra-set
correlations weighted by a function of the eigenvalue of an axis, for the multi-mesh
Gillnet survey (a) and the fishers’ mixed gear survey (b)
(a)

CCA1
CCA2
CCA3
latitude
-0.919 -0.1197 0.137
vegetypemixedfor -0.320 0.0851 0.672
turbidity
0.372 0.2502 -0.626
distpark
0.630 0.5646 -0.265
disturban
0.527 -0.0679 -0.435
(b)
CCA1
CCA2
CCA3
latitude -0.938 -0.177 -0.299
distpark
0.710 0.636 0.304
disturban 0.487 0.132 0.863

Table II.13 Goodness of fit of species-environmental variable for the multi-mesh
Gillnet survey. The goodness of fit values are the extracted proportion of each
species’ variance (inertia) explained by all the canonical axes (CCA) and by the first
two axes representing the constraining variables, and by the unconstrained part of
the model (CA). Species in bold character have the maximum or best goodness of fit
(>0.03) and will be used in further analysis (continued onto next page)
By axis
CCA1 CCA2
Alestes.spp..4
0.004 0.006
Auchenoglanis.occidentalis 0.000 0.001
Brienomyrus.spp..3
0.058 0.069
CampyloMormyrus.spp..6
0.007 0.010
CampyloMormyrus.tamandua
0.031 0.033
Chrysichthys.longibarbis
0.010 0.011
Chrysichthys.ornatus
0.062 0.075
Chrysichthys.spp..3
0.005 0.005
Chrysichthys.thonneri
0.003 0.059
Citharinus.spp..3
0.021 0.028
Citharinus.gibbosus
0.009 0.033
Citharinus.macrolepis
0.016 0.025
Clarias.spp..2
0.047 0.050
Clarias.buthupogon
0.024 0.031
Clarias.gariepinus
0.001 0.001
Distichodus.affinis
0.014 0.031
Distichodus.antonii
0.026 0.027
Distichodus.fasciolatus
0.008 0.010
Distichodus.lusosso
0.001 0.025
Distichodus.sexfasciatus
0.001 0.001
Distichodus.spp..3
0.005 0.013
Hemichromis.spp..3
0.002 0.002
Heterobranchus.longifilis 0.000 0.003
Heterochromis.multidens
0.028 0.039
Heterotis.niloticus
0.027 0.027
Hydrocynus.forskahlii
0.039 0.039
Hydrocynus.goliath
0.017 0.018
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By all axes
CCA
CA
0.009528977 0.9904710
0.005743709 0.9942563
0.069200294 0.9307997
0.019275607 0.9807244
0.089968863 0.9100311
0.041259657 0.9587403
0.077578453 0.9224215
0.007457065 0.9925429
0.082181654 0.9178183
0.034368042 0.9656320
0.039590542 0.9604095
0.064037156 0.9359628
0.051806117 0.9481939
0.079326961 0.9206730
0.003517530 0.9964825
0.063216624 0.9367834
0.030966694 0.9690333
0.011523639 0.9884764
0.032635908 0.9673641
0.009757422 0.9902426
0.014062917 0.9859371
0.017800616 0.9821994
0.030244816 0.9697552
0.040827511 0.9591725
0.071443164 0.9285568
0.059507347 0.9404927
0.038067403 0.9619326

Hydrocynus.spp..2

Labeo.lineatus
Labeo.parvus
Labeo.spp..3
Lates.niloticus
Mormyrops.anguilloides
Mormyrops.caballus
Mormyrops.spp..2
Mormyrus.spp..2
Myomyrus.spp..2
Parachanna.obscura
Petrocephalus.ansorgii
Petrocephalus.balayi
Petrocephalus.christyi
Petrocephalus.sp.
Polypterus.spp..7
Schilbe.grenfelli
Schilbe.spp..2
Synodontis.acanthomias
Synodontis.alberti
Synodontis.angelicus
Synodontis.decorus
Synodontis.longispinis
Synodontis.notatus
Synodontis.nummifer
Synodontis.spp..10
Tilapia.spp..4
Tylochromis.spp..2

0.000
0.012
0.003
0.008
0.005
0.000
0.014
0.001
0.018
0.045
0.000
0.012
0.063
0.001
0.002
0.012
0.008
0.015
0.030
0.000
0.000
0.019
0.012
0.035
0.025
0.000
0.012
0.002

0.081
0.021
0.075
0.016
0.005
0.006
0.020
0.001
0.019
0.050
0.000
0.036
0.093
0.005
0.003
0.012
0.008
0.022
0.030
0.017
0.001
0.020
0.014
0.052
0.033
0.001
0.014
0.002

0.115686741
0.046613312
0.088607312
0.025879320
0.018680453
0.009921473
0.025373946
0.007228796
0.021839642
0.050871642
0.006255339
0.055900994
0.218199111
0.007955545
0.029610390
0.020348562
0.012182672
0.041599869
0.095545410
0.047614318
0.006143341
0.024088259
0.089465892
0.110218784
0.138991086
0.007291477
0.018612216
0.016091462

0.8843133
0.9533867
0.9113927
0.9741207
0.9813195
0.9900785
0.9746261
0.9927712
0.9781604
0.9491284
0.9937447
0.9440990
0.7818009
0.9920445
0.9703896
0.9796514
0.9878173
0.9584001
0.9044546
0.9523857
0.9938567
0.9759117
0.9105341
0.8897812
0.8610089
0.9927085
0.9813878
0.9839085

Table II.14 Goodness of fit of species-environmental variable for the fishers’ mixed
gear survey. The goodness of fit values represents the extracted proportion of each
species’ variance (inertia) explained by all the canonical axes (CCA) and by the first
two axes representing the constraining variables, and by the unconstrained part of
the model (CA). Species in bold character have the maximum or best goodness of fit
(>0.03) and will be used in further analysis (continued onto next page)
By axis

By all axes
CCA1
Alestes.spp..4
0.002
Auchenoglanis.occidentalis 0.001
Brienomyrus.spp..3
0.090
CampyloMormyrus.spp..6
0.049
CampyloMormyrus.tamandua
0.015
Chrysichthys.longibarbis
0.026
Chrysichthys.ornatus
0.002
Chrysichthys.spp..3
0.038
Chrysichthys.thonneri
0.017
Citharinus.spp..3
0.011
Citharinus.gibbosus
0.018
Citharinus.macrolepis
0.003
Clarias.spp..2
0.034
Clarias.buthupogon
0.047
Clarias.gariepinus
0.016
Distichodus.affinis
0.067
Distichodus.antonii
0.002

CCA2
0.002
0.001
0.124
0.049
0.017
0.048
0.003
0.038
0.017
0.011
0.021
0.034
0.046
0.049
0.016
0.069
0.009
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CCA
0.0049941388
0.0018763351
0.1269551645
0.0494907859
0.0185284013
0.0485887487
0.0214200766
0.0390597036
0.0208095445
0.0310836739
0.0217090517
0.0449765045
0.0506094267
0.0549407510
0.0169165328
0.0685575334
0.0099119146

CA
0.9950059
0.9981237
0.8730448
0.9505092
0.9814716
0.9514113
0.9785799
0.9609403
0.9791905
0.9689163
0.9782909
0.9550235
0.9493906
0.9450592
0.9830835
0.9314425
0.9900881

Distichodus.fasciolatus
Distichodus.lusosso
Distichodus.sexfasciatus
Distichodus.spp..3

Hemichromis.elongatus
Hemichromis.spp..3
Heterobranchus.longifilis
Heterochromis.multidens
Heterotis.niloticus
Hydrocynus.forskahlii
Hydrocynus.goliath
Labeo.cyclorhynchus
Labeo.lineatus
Labeo.parvus
Labeo.spp..3
Lates.niloticus
Mormyrops.anguilloides
Mormyrops.caballus
Mormyrops.spp..2
Mormyrus.spp..2
Myomyrus.spp..2
Parachanna.insignis
Parachanna.obscura
Petrocephalus.balayi
Petrocephalus.christyi
Petrocephalus.sp.
Polypterus.spp..7
Polypterus.mokelembembe
Protopterus.dolloi
Schilbe.grenfelli
Schilbe.spp..2
Synodontis.acanthomias
Synodontis.alberti
Synodontis.angelicus
Synodontis.congicus
Synodontis.decorus
Synodontis.flavitaeniatus
Synodontis.notatus
Synodontis.nummifer
Synodontis.pleurops
Synodontis.spp..10
Tilapia.spp..4
Tylochromis.spp..2

0.001
0.009
0.007
0.000
0.000
0.027
0.011
0.038
0.033
0.000
0.007
0.020
0.006
0.001
0.009
0.001
0.013
0.000
0.008
0.045
0.017
0.016
0.006
0.029
0.026
0.043
0.000
0.033
0.005
0.000
0.003
0.032
0.040
0.009
0.016
0.001
0.023
0.059
0.002
0.043
0.012
0.003
0.004

0.005
0.015
0.008
0.012
0.012
0.034
0.011
0.039
0.046
0.000
0.007
0.020
0.007
0.005
0.011
0.005
0.013
0.004
0.012
0.046
0.038
0.025
0.032
0.052
0.036
0.047
0.001
0.040
0.011
0.000
0.005
0.032
0.040
0.009
0.136
0.014
0.029
0.066
0.004
0.063
0.012
0.005
0.007
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0.0071540324
0.0159650067
0.0150060466
0.0186387309
0.0120018181
0.0370760959
0.0119751921
0.0399427000
0.0483245546
0.0028073402
0.0095184921
0.0204885658
0.0093802353
0.0139480611
0.0193725338
0.0069908135
0.0210811833
0.0097224139
0.0128862484
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Figure II.1. Post stratified survey area showing the main human settlements and
land-use types. The circular polygons depict buffers or area of influence around
settlements also referred as land-use types based on settlement size (village, town or
city) and official characteristic (urban, logging or rural/village)
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Figure II. 2. Histograms of fish species occurrence with probability of occurrence
and log-scaled species occurrence with frequency of occurrence for the two survey
data separately
Multi-mesh Gillnet survey

Mixed gear fishers’ survey
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Figure II.3. Plots of fish species Mean Abundances vs. Frequency of Occurrence and
log-scaled Mean Abundances vs. Frequency of Occurrence for the two survey data
separately
Multi-mesh Gillnet survey

Mixed gear survey
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Figure II. 4. Plots of fish species richness in each fishing site (plot on the legend) vs.
total fish abundance at the fishing site (Plot) for the two survey data separately. The
numbers on the plots are fishing sites (samples) ID with abnormally very high or too
low richness or abundance (see outliers on Table 2 below)

Multi-mesh Gillnet Survey

Mixed gear fishers’ survey
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Figure II.5. Redundancy of actual vs. random fish species abundance for the two
survey datasets
Multi-mesh Gillnet survey

Mixed gear fishers’ survey
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Figure II.6. Joint plots of sites represented as numbers and species on the two first
unconstrained axes depicting predicted optima for each species and sample locations
for the two datasets separately (continued onto next page)
Multi-mesh Gillnet survey
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Mixed gear fishers’ survey
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Figure II.7. Person’s product-momentum bivariate correlation between pairwise
combinations of Vegetation variables from the multi-mesh survey

Figure II. 8. Person’s product-momentum bivariate correlation between pairwise
combinations of Latitude and Water quality variables from the multi-mesh survey
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Figure II.9. Person’s product-momentum bivariate correlation between pairwise
combinations of Latitude and human-related variables from the multi-mesh survey

Figure II.10. Person’s product-momentum bivariate correlation between pairwise
combinations of Latitude and human-related variables from the fishers’ creel
survey
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Figure II.11. Percentage of sampling sites (fishing events) within the land-use types
(N=3186 sites)
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Figure II.12. Water turbidity in the Sangha River in Nephelometric Turbidity Unit
(NTU) between September 2007 and November2008 (N=1707 fishing sites)

Figure II.13. Water depth at fishing sites in the Sangha River between September
2007 and November2008 (N=1618)
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Figure II.14. Water temperature at fishing sites in the Sangha River between
September 2007 and November2008 (N=1533). Temperature 1 refers to the first
reading at the time of deploying the nets, usually in the afternoon between 2 and
4pm. Temperature 2 reefers to the second reading in the morning following the
deployment, usually between 6 and 8am. And, temperature 3 refers to the third
reading at the final check and relocation of nets to the following site, usually in the
afternoon between 2 and 4pm
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Figure II.15. Triplot of the final constrained ordination for the multi-mesh Gillnet
survey, depicting constraining variables as blue vectors, sample locations as black
dots and species optima in red characters on canonical spaced based on the first two
axes. The Triplot is produced based on species scaling and only species with strong
goodness (> 0.03) of fit are considered
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Figure II.16. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of mixed forest on the final ordination space based on the first two
axes for the multi-mesh Gillnet survey. Goodness fit values (> 0.03) of speciesenvironmental variable are shown under CCA2 on Table 15 above and grey dots are
sample locations
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Figure II.17. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of water turbidity on the final ordination space based on the first two
axes for the multi-mesh Gillnet survey. Goodness fit values (> 0.03) of speciesenvironmental variable are shown under CCA2 on Table 15 above and grey dots are
sample locations
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Figure II.18. Triplot with fitted GAM surface curve (red) depicting species goodness
of fit with gradient of latitude on the final ordination space based on the first two
axes for the multi-mesh Gillnet survey. Goodness fit values (> 0.03) of speciesenvironmental variable are shown under CCA2 on Table 15 above and grey dots are
sample locations
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Figure II.19. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of distance to park borders on the final ordination space based on the
first two axes for the multi-mesh Gillnet survey. Goodness fit values (> 0.03) of
species-environmental variable are shown under CCA2 on Table 15 above and grey
dots are sample locations
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Figure II.20. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of distance to urban (cities) on the final ordination space based on the
first two axes for the multi-mesh Gillnet survey. Goodness fit values (> 0.03) of
species-environmental variable are shown under CCA2 on Table 15 above and grey
dots are sample locations
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Figure II. 21. Triplot of the final constrained ordination for the fishers’ mixed gear
survey, depicting constraining variables as blue vectors, sample locations as black
dots and species optima in red characters on canonical spaced based on the first two
axes. The Triplot is produced based on species scaling and only species with strong
goodness (> 0.03) of fit are considered and grey dots are sample locations
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Figure II.22. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of latitude on the final ordination space based on the first two axes for
the fishers’ mixed gear survey. Goodness fit values (> 0.03) of speciesenvironmental variables are shown under CCA2 on Table 16 above and grey dots
are sample locations
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Figure II.23. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of distance to park borders on the final ordination space based on the
first two axes for the fishers’ mixed gear survey. Goodness fit values (> 0.03) of
species-environmental variable are shown under CCA2 on Table 16 above

104

Figure II.24. Triplot with fitted GAM surface curve depicting species goodness of fit
with gradient of distance to urban (cities) on the final ordination space based on the
first two axes for the fishers’ mixed gear survey. Goodness fit values (> 0.03) of
species-environmental variable are shown under CCA2 on Table 16 above and grey
dots are sample locations
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CHAPTER III
ESTIMATING CATCH PER UNIT EFFORT (CPUE), AND POTENTIAL
CONTRIBUTION OF 7 FOCAL SPECIES OF ECONOMIC VALUE IN THE
SANGHA RIVER FISHERIES, SANGHA TRI-NATIONAL

III.1. Abstract
I used fisheries-dependent and fisheries-independent data for the surveys carried
out in 2007-2008 and 2009-2010, to Calculate Catch Per Unit Effort (CPUE) for 7 focal
species of recognized economic value for the Sangha Tri-National fisheries, including
Citharinus gibbosus, Clarias buthupogon, Distichodus fasciolatus, Hydrocynus
forskahlii, Marcusenius monteiri, Mormyrops anguilloides, Schilbe grenfelli; to evaluate
their contribution into the local fisheries and potential effects of the commonly used
fishing techniques. The only fishing technique used during the fisheries-independent
survey was multi-mesh Gillnet used as set nets and up to 11 fishing techniques were
reported by fishers during the survey period. The results suggested that set Gillnets were
the most commonly used representing more than 38% of the reported fishing events.
Apart from the basket-traps and slightly line-fishing with hooks that appeared to be the
most conservative fishing techniques by targeting mostly large and potentially mature
individuals of a certain species, the rest of fishing techniques, mainly with Gillnets were
mostly harvesting large fish biomass made of very small and immature fishes of diverse
species and tended to be unsustainable.

Overall for all the 7 species studied, seasons and fishing techniques were the most
important variables responsible for the observed variation in CPUE during the fishers’
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mixed gear survey. Larger CPUE were reported during the wet season months when
larger fishers of almost all the focal species were harvested.

III.2. Introduction

The 400km survey stretch of Sangha River located at the international borders
between Congo, Cameroon and Central African Republic (CAR) also represents the only
natural communication network that has served for centuries as an important access and
trading route for local communities. It is also being used as an export route for timber by
logging companies.

A rapid expansion of commercial logging means an exponential human
population growth across the landscape, which in turn leads to an exponential increase
and possible overexploitation of natural resources, with freshwater fish being the most
exposed. More particularly, with a recent influx of workers for the logging companies,
both fishing and hunting have shifted from subsistence use by the indigenous peoples and
other local communities to more commercial-oriented in order to feed large and
increasing populations in the region and outside at the cities and towns and to maximize
profits (Bennett & Jessica 2008). Therefore, with the recent economic opportunities and
a high level of unemployment across the Central African countries, fishing along the
Sangha River has become an incentive for immigration into the region. As a
consequence, most temporary and subsistence-oriented fishing camps along the River
have progressively evolved during the past couple of decades to form permanent villages
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with ambiguous status and some of them being used for incursions into the neighboring
protected areas for illegal hunting and fishing. Freshwater fish populations in the region
may have been put in much higher risk of depletion due to fishing practices introduced by
allochtoon peoples from neighboring countries such as Chad and the Democratic
Republic of Congo (pers. observ.).

For many decades, fisheries management programs were relying on Catch Per
Unit Effort as an indicator of trend in fish population abundance and fish stock. This oldschool strategy failed across the world for misleading the long-term impact of fishing on
fish reproduction and population structure. Not only the same amount or an increasing
fish biomass can be harvested through time while the catch is being made of many
smaller fishes as opposed to a few large individuals, harvested fish populations may
develop different reproductive strategies such as reducing their age at first maturity and
laying fewer and less viable eggs (Borrell 2013).

In the same way any overexploitation of natural resources has catastrophic effects
on the resources being exposed, overfishing has led to depletion of fish populations in
many parts of the world. In addition to the lack of quantitative data and threats from
illegal activities, poor general public and local community awareness, and weak law
enforcement, freshwater fisheries across the Congo Basin and particularly the Sangha
Tri-National (STN) region have been poorly managed while being exposed to potentially
unsustainable fishing techniques as well as increasing fishing pressure for commercial
purposes. Therefore, the proposed work will serve as a baseline to assess whether there
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are indicators of overfishing in the Sangha River, one of the most important region rivers
located in one of the most important continuous rainforest conservation landscapes on
Earth.

Data from fisheries-independent and creel surveys (fisheries-dependent) will be
used to assess potential fishing pressure and contribution of 7 focal freshwater fish
species with recognized economic value in the Sangha Tri-National fisheries. This
chapter will thus provide much updated information about the status of the fisheries,
including the most common fishing techniques utilized by the local fishers and is
intending to significantly contribute to the region’s fish database and sustainable fisheries
management.

III.3. Goal and objectives

The overall goal of this study is to provide a basis for developing sustainable
fisheries strategies across the Sangha Tri-National Conservation landscape through a
better understanding of population dynamic using fisheries dependent data. To achieve
this goal, I will pursue the following objectives:

-Calculate Catch Per Unit Effort (CPUE) for 7 focal species of recognized
economic value for the Sangha Tri-National fisheries, including Citharinus
gibbosus, Clarias buthupogon, Distichodus fasciolatus, Hydrocynus forskahlii,
Marcusenius monteiri, Mormyrops anguilloides, Schilbe grenfelli;
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-Assess the importance of each species and fishing technique for the local
fisheries based on CPUE;
-Determine the possible effects the commonly used fishing techniques and their
potential in impacting fish stocks;
-Provide scientific and technical recommendations for further research on fishes
and fisheries and for sustainable management of the Sangha Tri-National
fisheries.
III.4. Materials and methods
Data were collected to assess fish stock and fisheries off-take along a 400km
section of the Sangha River between 2007 and 2010 as detailed in chapter I of this
dissertation.

III.4.1. Data analysis

A total of 1784 (N1) distinct fishing events occurred during the multi-mesh
Gillnet survey in 2007-2008 and 1402 (N2) during the creel survey in 2009-2010 for a
total of 3186 sampling units (N) for the complete 2-year survey.

A total of 1784 (N1) distinct fishing events occurred during the multi-mesh
Gillnet survey in 2007-2008 and 1402 (N2) during the creel survey in 2009-2010 for a
total of 3186 sampling units (N) for the complete 2-year survey.

The non-baited set-net (multi-mesh Gillnet) with 30m length by 2m height and
five different mesh sizes (13mm, 26mm, 38mm, 51mm and 64mm) was the only fishing
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technique used during the 2007-2008 survey and the most common (38.2%) out of 10
different fishing techniques used by fishers during the 2009-2010 survey (Fig.III.1),
followed by hook (12.2%, all hook sizes used as line-fishing and hanged hooks were
pooled). A part from the set-net, drift net, cast net and mud dam, all fishing techniques
used by fishers usually involved baiting. However, due to the lack of details, 32% of
fishing events using either set-nets or drift-nets were categorized as “unspecified net”.
Moreover, 6 fishing techniques with very few occurrences, including castanets, harpoon,
machete, mesh net traps, mud dam and poison were grouped as “other fishing
techniques” and made up to 1.4% of fishing techniques used by fishers (Fig.III.1).

Detailed efforts, catches and CPUE are represented in Appendix 1.
The two surveys data will be treated separately based on the specific objectives
and methods of data collection as describes above.

For each species, produce percentages of catch out of the total catch or biomass of
fish caught per fishing technique as an expression of the species contribution in the
fisheries;

Catch Per Unit Effort (CPUE) was computed as fish biomass harvested (C, in g),
divided by total effort L (L= total fishing time * total number of fishing gears * size of
fishing gear):

- specific for each fishing technique (by fishing event (each sampling unit):
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- for the fisheries community (pooled)
- for the target species
The detailed CPUE for the surveys overall, by fishing techniques and the CPUE
for each of the 7 focal species are summarized in Appendix 1 and Appendix 2
respectively

Fish biomass, CPUE, population structure and potential effects of fishing pressure
and environmental variables

Seasonal and monthly differences in fish weight (biomass), CPUE, fishing effort
was tested using two-way ANOVA with interaction between terms.

Plots of monthly (temporal) variations in fish size, could potentially detect
spawning season by visual inspection based on the mode, the minimum and maximum
weight/length for the target species,

Separate fitted regression and the Regression Coefficient will be used to describe
the relationships between fish biomass and Standard length.

III.5. Results

III.5.1. Distribution of Citharinus gibbosus fishes caught by length and weight
classes
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A total of 441 and 1962 individual Citharinus gibbosus fishes were caught
respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

Overall, the majority of Citharinus gibbosus caught was found within the 10 to 20
cm length-class during the multi-mesh Gillnet survey and within the 10-15cm lengthclass during the fishers’ mixed gear survey (Fig.III.2).

A total of 320kg (rounded up from 319.8) and 91kg (rounded down from 91.24)
of Citharinus gibbosus fish biomass were harvested respectively during the fishers’
mixed gear and multi-mesh Gillnet surveys respectively.

Overall, more than two-third of C. gibbosus caught from both surveys weighed
under 500g with most of the fishes caught during the multi-mesh Gillnet survey having
less than 200g (Fig.III.3).

Individual fish mean biomass of Citharinus gibbosus from the multi-mesh Gillnet
survey was 207g (min=5, max=2400, mode= 30, SD=299.45; CV=144.73%) and the
mean standard length was 16.71cm (min=5.1, max=46, mode=14.5, SD=6.573,
CV=39.33%). There was a significant 2nd order Polynomial increase of C. gibbosus fish
weight with length (r2=0.8792) and strong linear increase of C. gibbosus fish weight with
the 3rd power of the standard length (r2=0.8892) during the multi-mesh Gillnet survey
(Fig.III.4).
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Individual fish of C. gibbosus from the fishers’ mixed gear survey had mean
biomass of 163g (min=10, max=4950, SD=305.20; CV=187.21%) and mean standard
length of 16.46cm (min=5, max=66, SD=7.08, CV=43%). There was strong positive 2nd
order Polynomial (Fig.III.5a) weight-length relationship (r2=0.912, df=1959, Residual
Standard Error= 90.56) and strong linear relationship between weight and the 3rd power
of the standard length (Fig.III.5b). Months and fishing techniques were the most
significant variables responsible for the variations in C. gibbosus catches in terms of
number of fishes during the fishers’ mixed gear survey. However, smaller-size C.
gibbosus fishes were caught in January, June and November than the rest of the months
during the Multi-mesh Gillnet survey. Despite an apparently higher C. gibbosus biomass
caught in February and March, with mostly smaller-sized fishes caught in May and then
from August to December, the differences between months and land-use types were not
significant during the fishers’ mixed gear survey.

Citharinus gibbosus caught with hooks ranged from 11.5cm to 29cm with the
majority of fishes under 15cm of standard length following a linear decrease in the
abundance of fish within length-size classes, and from 25g to 450g with the majority of
fishes weighing less than 100g. However, the number of Citharinus gibbosus fishes
caught with hooks was too small for any statistics but the mean biomass was fairly high
overall (mean=130g, min=25, max=450, SD=132.96; CV=102.30%), as well as the mean
fish length (mean=17.53, min=11, max=29, SD=5.50, CV=31.35%).
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Citharinus gibbosus fishes caught with drift Gillnets were overall smaller with
less than 15cm of standard length and most of them weighing less than 100g (Fig.III.2d).
The fish mean biomass of Citharinus gibbosus fishes caught with drift Gillnets was
83.63g (min=10, max=950, SD=117.12; CV=140.04%) and the mean standard length was
12.85cm (min=8, max=33, SD=4.64, CV=36.08%), much lower than the one with set nets
bellow.

Nearly all C. gibbosus caught with set Gillnets weighed less than 500g with the
high majority measuring between 10cm and 15cm standard length (Fig.III.3d). The fish
mean biomass of Citharinus gibbosus caught with set Gillnets was 155.94g (min=20,
max=4950, SD=384; CV=246.18%) and the mean standard length was 16cm (min=5,
max=66, SD=7.20, CV=45.28%).

The cast nets were only occasionally used by fishers during the survey and the
fish mean biomass of C. gibbosus caught was 258g (min=100, max=485, SD=90.84;
CV=69.88%) with a mean standard length of 12.10cm (min=9, max=29, SD=5.61,
CV=46.41%).

III.5.2. Citharinus gibbosus Catch Per Unit Effort (CPUE)

Overall during the multi-mesh Gillnet survey, the total CPUE of Citharinus
gibbosus was 11.91g/m/h and the average was 0.0067g/m/h (mode=0; min=0;
max=1.0353; SD=0.0388; CV=381%).

The CPUE in October and December were
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overall significantly higher during the same survey (F (11,1690) =4.459; p<0.001, Table
III.1) than the ones from the other months (Fig.III.6).

Citharinus gibbosus was caught with all the common fishing techniques reported
during the fishers’ mixed gear survey with an exception of the basket-traps but due to a
very small number of replicates (only 2 fishing events) and lack of information about the
gear size, the calculations of CPUE and other further analyses will not include cast net,
while the CPUE from the other underrepresented fishing techniques were grouped as
“other”. Moreover, two abnormally high CPUE from unspecified Gillnet were
considered as outliers and dropped from the further analyses.

The pooled (102.87g/m/h) as well as average CPUE for C. gibbosus from the
unspecified Gillnets (Appendix 2) was the highest of all (0.22 ±0.09g/m/h), followed by
the drift Gillnets for the average (0.16 ±0.08g/m/h) and the set Gillnets for the pooled
CPUE (54.43g/m/h) and the difference between seasons and fishing techniques was
highly significant with a significant different also found between months by fishing
techniques (respectively between seasons F(1,1155)=8.505; p<0.01; between fishing
techniques F(4,1155)=4.527; p<0.01 and; between months by fishing techniques
F(39,1155)=1.576; p<0.05; see Table III.2).

The difference among months was statistically not significant during the fishers’
mixed gear survey but, July-August for the drift nets (Fig.III.7), February and September
for the set nets (Fig.III.8), June and November for the hooks (Fig.III.10) had higher
116

CPUE for C. gibbosus during the creel survey period. However, seasons and fishing
techniques were again the only variables responsible for the observed variation in CPUE
for C. gibbosus during the fishers’ mixed gear survey.

III.5.3. Contribution of Citharinus gibbosus in the fisheries
Overall, there was a weak seasonal significant difference in the percentage of fish
number and biomass with C. gibbosus during the two surveys (respectively, for the multimesh Gillnet Survey F (1,1690) =6.047, p<0.05; F (1,1690) =7.030, p<0.01 – highly
significant for biomass –; and for the fishers’ mixed gear survey F (1,1157) = 4.897,
p<0.05; F (1,1157) = 4.590, p<0.05; see Table III.3, Table III.4).

Overall, there was a consistent significantly higher contribution of C. gibbosus in
terms of fish biomass and number of fish caught in February-March-April, July-August
during the multi-mesh Gillnet survey (F (11,1690) = 5.858, p<0.001; F (11,1690) =
9.056, p<0.001; Fig.III.10; Table III.3), and in September for the fishers’ mixed gear
survey (F (10,1157) = 3.467, p<0.001; F (10,1157) = 5.549, p<0.001; Fig.III.11; Table
III.4). Moreover, the percentages in terms of biomass and number of fishes were
significantly different between land use types and between months by land-use types in
the multi-mesh Gillnet survey (respectively for fish biomass F(9,1690)= 3.644, p<0.001;
F(64,1690)= 1.676, p<0.001 ; and for fish number F(9,1690)= 3.123, p<0.001;
F(64,1690)= 1.666, p<0.001; Table III.3.) and between land-use types (fish number only)
and fishing techniques (fish biomass and number) during the fishers’ mixed gear survey
(respectively for fish biomass F(4,1157)= 13.416, p<0.001; and for fish numbers
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F(10,1157)= 3.021, p<0.001; F(4,1157)= 14.956, p<0.001; Table III.4). The set nets
tended to be the most efficient fishing technique for this species, with a fairly high
contribution found with the drift net in terms of numbers as well as in terms of fish
biomass during the fishers’ mixed gear survey (Fig.III.13).

III.5.4. Distribution of Clarias buthupogon fishes caught by length and weight
classes
A total of 150 individual Clarias buthupogon fishes for a total biomass of 34kg
and 670 individual Clarias buthupogon fishes for a total biomass of 151kg were caught
respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

Overall, the majority of Clarias buthupogon caught was found within the 20 to
23cm with the majority in the 20-25cm length-classes during the multi-mesh Gillnet
survey and within the 15-35cm with the majority in the 20-30cm length-class during the
fishers’ mixed gear survey (Fig.III.14).

Overall, more than two-third of C. buthupogon caught from both surveys weighed
under 400g with more than 60% the fishes caught during the multi-mesh Gillnet survey
having less than 200g and nearly 60% the fishes caught during the fishers’ mixed gear
survey weighing less than 250g (Fig.III.15).

The individual fish mean biomass of C. buthupogon from the multi-mesh Gillnet
survey was 226g (min=6, max=850, mode=150, SD=135.452; CV=60%) and the mean
standard length was 25.61cm (min=7, max=43, mode=24, SD=5.511, CV=21.52%).
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There was a significant linear increase of C. buthupogon fish weight with length
(r2=0.7761) and a much slightly higher significant 2nd order Polynomial increase of C.
buthupogon fish weight with length (r2=0.8434), while C. buthupogon fish weight
showed a highly significant linear increase with the 3rd power of the standard length
(r2=0.8393) during the multi-mesh Gillnet survey (Fig.III.16).

However, Clarias buthupogon fishes caught during the fishers’ mixed gear survey
were overall much larger with a mean biomass of 226.18g (min=22, max=2850,
mode=100, SD=184.315; CV=81.49%) and 26.72cm mean standard length (min=10,
max=69, mode=28, SD=7.226, CV=27.04%). There was a significant linear increase of
C. buthupogon fish weight with length (r2=0.6238) and a highly significant 2nd order
Polynomial increase of C. buthupogon fish weight with length (r2=0.8274), while C.
buthupogon fish weight showed a significant linear increase with the 3rd power of the
standard length (r2=0.6238) during the fishers’ mixed gear survey (Fig.III.17).

III.5.5. Clarias buthupogon Catch Per Unit Effort (CPUE)
Overall across the multi-mesh Gillnet survey, the total CPUE of Clarias
buthupogon was 3.859g/m/h and the average was 0.0022g/m/h (mode=0; min=0;
max=0.2853; SD=0.0158; CV=730.38%).

C. buthupogon was caught with most of the common fishing techniques reported
during the fishers’ mixed gear survey with an exception of the drift Gillnets and there
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was overall highest pooled (21.36g/hook/h) as well as average (0.123±0.06g/hook/h)
CPUE from hooks, followed by set Gillnets (Appendix 2).

There was much higher CPUE for C. buthupogon during the last 4 months of the
wet season with October having the highest CPUE followed by September and November
during the multi-mesh Gillnet survey (Fig.III.18). The seasonal variation in C.
buthupogon CPUE was supported by the statistically highly significant differences found
between seasons and months during the multi-mesh Gillnet survey (Table III.5).

The highest CPUE for C. buthupogon caught with hooks (Fig.III.19) and set
Gillnets (Fig.III.20) were overall much higher during the wet season months with the
highest values reported in July, September and November-December and the differences
between seasons, months, fishing techniques, land-use types and all the interactions were
statistically highly significant during the fishers’ mixed gear survey (Table III.6). The
highly significant differences provide a strong support that the main variations in CPUE
are strongly explained by the differences between fishing techniques and months.

III.5.6. Contribution of Clarias buthupogon in the fisheries
There tended to have a much higher contribution of C. buthupogon within the
logging-village interface during the multi-mesh Gillnet survey (Fig.III.21), and in the
logging, logging-village, urban-village and village areas during the fishers’ mixed gear
survey (Fig.III.22). However, there was only a weak statistically significant difference
in the contribution of C. buthupogon between land-use types both in terms of fish number
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and fish biomass during the multi-mesh Gillnet survey (respectively F (9,1690) = 1.969,
p<0.05 and; F (9,1690) = 2.311, p<0.05; see Table III.7) but the differences were highly
significant during the fishers’ mixed gear survey (respectively F (10,1157) = 4.024, p<0.001
and; F (10,1157) = 3.648, p<0.001; see Table III.8).

There was overall a consistently higher contribution by C. buthupogon in the wet
season months from October to December (around 20-25%) with the exception that the
contribution in May was fairly lower in terms of fish number (around 15%) but higher in
term of fish biomass (around 60%) during the multi-mesh Gillnet survey (Fig.III23) and
the differences between seasons and months were statistically highly significant both in
terms of fish number and fish biomass (Table III.7).

However, during the fishers’

mixed gear survey, there was also overall higher contribution by C. buthupogon in the
wet season months from June to November (around 20-25%) but March (around 60-40%)
in the dry season had an exceptionally highest contribution in terms of fish number as
well as fish biomass (Fig.III.24).

There was only a weak statistically significant

difference in the contribution of C. buthupogon in terms of fish number between seasons
but the differences between months were highly significant both in terms of fish numbers
as well as fish biomass during the fishers’ mixed gear survey (respectively F (10,1157) =
3.239, p<0.001 and; F (10,1157) = 3.700, p<0.001; see Table III.8).

The highest contributions by C. buthupogon in terms of fish number were found
with drift nets (around 60%) followed by other fishing techniques (mainly hooks, around
45%) while the contribution in terms of fish biomass tended to be higher with other
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fishing techniques (mainly hooks, around 20%) and set nets (around 18%, Fig.III.25) and
the differences between fishing techniques were statistically highly significant
(respectively F(4,1157)= 13.733, p<0.001 and; F(4,1157)= 8.838, p<0.001; see Table III.8).

III.5.7. Distribution of Distichodus fasciolatus fishes caught by length and weight
classes
A total of 302 individual Distichodus fasciolatus fishes for a total biomass of
46kg and 465 individual Distichodus fasciolatus fishes for a total biomass of 161kg were
harvested respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

Overall, the majority of D. fasciolatus during both surveys were under 20cm
length-class with more than 60% of individuals caught during the multi-mesh Gil-net
survey being under 15cm length (Fig.III.26).

With very few exceptions, nearly all D. fasciolatus fishes caught during the two
surveys weighted under 1kg with more than 90% of fishes under 500g during the multimesh Gil-net survey (Fig.III.27).

The individual fish mean biomass of Distichodus fasciolatus from the multi-mesh
Gillnet survey was 154g (min=4, max=4650, mode=10, SD=378.038; CV=245.37%) and
the mean standard length was 14.34cm (min=5, max=54.7, mode=7, SD=7.647,
CV=53.33%). There was a highly significant 2nd order Polynomial increase of D.
fasciolatus fish weight with length (r2=0.9347), as well as a highly significant linear
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increase in D. fasciolatus fish weight with the 3rd power of the standard length
(r2=0.8393) during the multi-mesh Gillnet survey (Fig.III.28).

However, D. fasciolatus fishes caught during the fishers’ mixed gear survey were
overall way larger with a mean biomass of 346g (min=7, max=7600, mode=100,
SD=789.329; CV=228.34%) and 21.33cm mean standard length (min=7, max=65,
mode=17, SD=9.067, CV=42.51%). There was a significant linear increase of D.
fasciolatus fish weight with length (r2=0.7121) and a highly significant 2nd order
Polynomial increase of D. fasciolatus fish weight with length (r2=0.9168), as well as a
highly significant linear increase in D. fasciolatus fish weight with the 3rd power of the
standard length (r2=0.9112) during the fishers’ mixed gear survey (Fig.III.29).

III.5.8. Distichodus fasciolatus Catch Per Unit Effort (CPUE)
Overall across the multi-mesh Gillnet survey, the total CPUE of D. fasciolatus
was 5.6472g/m/h and the average was 0.0032g/m/h (mode=0; min=0; max=0.5349;
SD=0.0229; CV=724.06%).

The CPUE for D. fasciolatus was overall higher during the wet season months
such as November, followed by January May and September during the multi-mesh
Gillnet survey (Fig.III.30) with statistically significant difference between seasons (Table
III.10a) and May-June and December during the fishers’ mixed gear survey (FigV.31) but
the differences were statistically not significant (Table III.10b).
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Despite occasional catches with basket-traps hooks and other non-common
fishing techniques, D. fasciolatus was exclusively harvested with the Gillnet during the
fishers’ mixed gear survey. The highest D. fasciolatus pooled CPUE (98.51g/m/h) was
found with unspecified Gillnets but the highest average CPUE was found with drift
Gillnets (0.47±0.58g/m/h) during the fishers’ mixed gear survey (Appendix 2), but the
differences were statistically not significant (Table III.9).

However, there was a highly significant difference in CPUE for D. fasciolatus
during the fishers’ mixed gear survey between fishing techniques by land-use types by
months (F (60,1157) = 2.099, p<0.001; see Table III.9b).

III.5.9. Contribution of Distichodus fasciolatus in the fisheries
Higher contributions by D. fasciolatus in terms of fish number were found in the
logging areas followed by logging-urban-village interface and park areas but very higher
contribution in terms of fish biomass in the village area during the multi-mesh Gillnet
survey (Fig.III.32) with statistically highly significant differences found between landuse types both in terms of fish number and fish biomass (Table III.10).

However, during the fishers’ mixed gear survey, the contributions by D.
fasciolatus in terms of fish number looked much higher in the park-village interface but
much higher in terms of fish biomass in the urban areas followed by the park-village
interface and the village areas (Fig.III.33) but the differences between land-use types
were statistically not significant (Table III.11).
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Significantly higher contributions by D. fasciolatus during the multi-mesh Gillnet
survey were found in the wet season months (Table III.10) with August (around 25%)
followed by May-June (around 15%) and August having the highest values in terms of
fish number (Fig.III.34a) but the contributions in terms of fish biomass were found at the
beginning of the dry season in January (around 24%) and at the end of the wet season
(around 20%) in November (Fig.III.34b).

Higher but statistically not significant contributions by D. fasciolatus during the
fishers’ mixed gear survey were found during the wet season months in May (around 1815%), July (around 15%), September (around 15-12%), October (around 12-10%) and
December (around 10-12%) both in terms of fish number and fish biomass (Fig.III.35).

While D. fasciolatus harvested with other fishing techniques (mainly hooks)
tended to have higher contribution in terms of fish number in the fisheries during the
fishers’ mixed gear survey, there was a much higher contribution from drift nets both in
terms of fish number and fish biomass (Fig.III.36) and the differences between fishing
techniques were significant (respectively months F (4,1157) = 3.108, p<0.05 and; F (4,1157) =
2.891, p<0.05; Table III.11

III.5.10. Distribution of Hydrocynus forskahlii fishes caught by length and weight
classes
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A total of 674 individual Hydrocynus forskahlii fishes for a total biomass of
84.5kg and 298 individual Hydrocynus forskahlii fishes for a total biomass of 80kg were
harvested respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

Overall, the majority of Hydrocynus forskahlii during both surveys were under
30cm length-class with more than 85% of individuals caught during the multi-mesh Gilnet survey and more than 55% of individuals caught during the fishers’ mixed gear
survey being under 25cm length (Fig.III.37).

Nearly 90% of Hydrocynus forskahlii caught during the multi mesh Gillnet survey
weighed under 200g and more than 85% caught during the fishers’ mixed gear survey
weighted under 500g (Fig.III.38).

The individual fish mean biomass of Hydrocynus forskahlii from the multi-mesh
Gillnet survey was 226g (min=5, max=1550, mode=100, SD=150.9429; CV=60%) and
the mean standard length was 17.48cm (min=6, max=44, mode=18, SD=6.808,
CV=38.95%). There was a significant linear increase of H. forskahlii fish weight with
length (r2=0.725) and a highly significant 3rd order Polynomial increase of H. forskahlii
fish weight with length (r2=0.9043), while H. forskahlii fish weight showed a highly
significant linear increase with the 3rd power of the standard length (r2=0.8994) during
the multi-mesh Gillnet survey (Fig.III.39).

However, Hydrocynus forskahlii fishes caught during the fishers’ mixed gear
survey were overall larger with a mean biomass of 268g (min=20, max=3900, mode=100,
126

SD=459.944; CV=171.73%) and the mean standard length of 26cm (min=9.5, max=77,
mode=19, SD=9.758, CV=37.67%). There was a significant linear increase of H.
forskahlii fish weight with length (r2=0.703) and a highly significant 2nd order
Polynomial increase of H. forskahlii fish weight with length (r2=0.9097), while H.
forskahlii fish weight showed a highly significant linear increase with the 3rd power of
the standard length (r2=0.8976) during fishers’ mixed gear survey (Fig.III.40).

III.5.11. Hydrocynus forskahlii Catch Per Unit Effort (CPUE)

Overall across the multi-mesh Gillnet survey, the pooled CPUE of Hydrocynus
forskahlii was 9.9821g/m/h and the average was 0.0056g/m/h (mode=0; min=0;
max=0.4082; SD=0.0213; CV=381.04%). With an exception of March and April during
the transition between the end of the dry season and the beginning of the rainy season, the
highest values of CPUE for H. forskahlii were found during the wet season months with
the top highest CPUE reported in September, followed by August and October
(Fig.III.41). And, there were statistically highly significant differences between seasons,
months and land-use types during the multi-mesh Gillnet survey (Table III.12).

As with D. fasciolatus, there were occasional cases of minor catches with baskettraps hooks and other non-common fishing techniques, but H. forskahlii was exclusively
caught with the Gillnets throughout the year during the fishers’ mixed gear survey.
Similarly, the highest H. forskahlii pooled CPUE (46.89g/m/h) was found with
unspecified Gillnets but the highest average CPUE was found with drift Gillnets
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(0.15±0.10g/m/h) during the fishers’ mixed gear survey (Table III.13). Moreover, higher
values of CPUE for H. forskahlii were observed with both drift and set Gillnets during
the wet season months and particularly in June, and from September to November during
the fishers’ mixed gear survey (Fig.III.42).

The differences in CPUE for H. forskahlii

were statistically highly significant between seasons, months, fishing techniques, landuse types and all the interactions between terms (Table III.13).

III.5.12. Contribution of Hydrocynus forskahlii in the fisheries
The highest contributions by H. forskahlii during the multi-mesh Gillnet survey
were found in the village area both in terms of fish number and fish biomass with high
contributions also found in the logging areas in terms of fish number and in the park area
in terms of fish biomass (Fig.III.43) with highly significant differences between land-use
types (respectively F (9,1690) = 5.444, p<0.001 and; F (9,1690) = 4.007, p<0.001; see Table
III.14).

Despite apparently higher contributions by H. forskahlii in the logging-urbanvillage, the park-village and the urban-village interfaces both in terms of fish number and
fish biomass (Fig.III.44), the difference between land-use types during the fishers’ mixed
gear survey was statistically not significant (Table III.15).

The contributions by H. forskahlii during the multi-mesh Gillnet survey were
significantly higher (Table III.14) during the wet season months with September (around
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20%) and October (around 18%) having the highest values in terms of fish number and
June (around 33%) and September (around 31%) having the highest values in terms of
fish biomass (Fig.III.45).

Higher contributions by H. forskahlii were also found during the wet season
months during the fishers’ mixed gear survey with the highest values both in terms of fish
number and fish biomass found in November (around 25% and 35%) and followed by
June (around 20%) and September-October (around 18%) in terms of fish biomass
(Fig.III.46).

However, the only significant difference between months was found in

terms of fish biomass during the fishers’ mixed gear survey (Table III.15).

The other fishing techniques (mainly hooks) tended to provide high contribution
by H. forskahlii in terms of fish number (around 20%) but drift nets (around 15%)
provided higher contributions in terms of fish biomass followed by set nets (around 12%)
into the fisheries during the fishers’ mixed gear survey (Fig.III.47) but the differences
between fishing techniques were statistically not significant.

III.5.13. Distribution of Marcusenius monteiri fishes caught by length and weight
classes

A total of 39 individual Marcusenius monteiri fishes for a total biomass of 920g
and 402 individual fishes for a total biomass of 58kg were harvested respectively during
the multi-mesh Gillnet and fishers’ mixed gear surveys.
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The highest majority (87%) amongst a few Marcusenius monteiri fishes caught
during the multi-mesh Gillnet survey where bellow 10cm standard length (FigV.48. a)
with no individual fish larger than 30cm being reported, while the majority of fishes
caught during the fishers’ mixed gear survey (60%) where between 15cm and 25cm
standard length (Fig.III.48b) with a few individual fishes larger than 40cm reported.

The highest majority (92%) of M. monteiri fishes caught during the multi-mesh
Gillnet survey weighted under 20g (Fig.III.49a) with very few individual fish of more
than 100g being reported. Overall during the fishers’ mixed gear survey, the high
majority (88%) of fishes caught where bellow 200g with most fishes (62%) under 100g
(Fig.III.49b).

The individual fish mean biomass of Marcusenius monteiri from the multi-mesh
Gillnet survey was 24g (min=5, max=200, mode=7, SD=44.698; CV=189.48%) and the
mean standard length was 10cm (min=6, max=27, mode=8, SD=5.015, CV=50.15%).
There was a highly significant linear increase of M. monteiri fish weight with length
(r2=0.9623) as well as a highly significant linear increase in fish weight with the 3rd
power of the standard length (r2=0.9792) during the multi-mesh Gillnet survey
(Fig.III.50).

However, Marcusenius monteiri fishes caught during the fishers’ mixed gear
survey were overall nearly fivefold larger than the ones caught during the multi-mesh
Gillnet survey with a mean biomass of 143g (min=10, max=995, mode=100,
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SD=133.310; CV=92.89%) and the mean standard length of 23cm (min=11.2, max=47,
mode=22, SD=6.950, CV=30.49%). There was a significant linear increase of M.
monteiri fish weight with length (r2=0.7554) and a highly significant 2nd order
Polynomial increase of M. monteiri fish weight with length (r2=0.8396), while M.
monteiri fish weight showed a highly significant linear increase with the 3rd power of the
standard length (r2=0.8398) during fishers’ mixed gear survey (Fig.III51).

III.5.14. Marcusenius monteiri Catch Per Unit Effort (CPUE)

Overall across the multi-mesh Gillnet survey, the total CPUE of Marcusenius
monteiri was 0.1298g/m/h and the average was 0.0001g/m/h (mode=0; min=0;
max=0.0299; SD=0.0011; CV=1526.57%). As mentioned earlier, M. monteiri was only
caught in February, May, June and July with the highest CPUE observed in May during
the multi-mesh Gillnet survey (Fig.III.52).

However, during the fishers’ mixed gear survey, the highest pooled
(878.87g/trap/h) as well as average (13.32±25.48g/trap/h) CPUE for M. monteiri was
reported with basket-traps (Appendix 2) followed by the unspecified Gillnets for both the
pooled CPUE (19.26g/m/h) and the average CPUE (0.04 ±0.02g/m/h), and the set
Gillnets for the pooled CPUE only (4.41g/m/h).

Despite a few occurrences when this

fishing technique was used in the dry season, basket-traps were mainly used in the wet
season months when the highest CPUE values for M. monteiri were reported with a peak
in December (Fig.III.53). However, high CPUE for M. monteiri were reported with set
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Gillnet (and unspecified Gillnets) during the dry season and more specifically in March
(Fig.III.53b and Fig.III.53c).

The differences in CPUE for M. monteiri were all

statistically highly significant between seasons, months, fishing techniques, land-use
types and all the interactions between terms during the fishers’ mixed gear survey (Table
III.17), while the differences during the multi-mesh Gillnet survey were statistically
highly significant only between months and between months by land-use types see Table
III.16.

III.5.15. Contribution of Marcusenius monteiri in the fisheries

Except occasional times when Marcusenius monteiri was caught in other land-use
types, almost all catches for this species occurred in the logging-village interface where
its contributed around 13% in terms of fish number and 8% in terms of fish biomass
during the multi-mesh Gillnet survey (Fig.III.54). However, the highest (around 40%)
contributions by M. monteiri both in terms of fish number and fish biomass during the
fishers’ mixed gear survey occurred in the park-logging-village interface (Fig.III.55) and
the difference between land-use types was statistically highly significant (Table III.18
and Table III.19).

With only a very few catches reported in February which is a wet season month
during the multi-mesh Gillnet survey (Fig.III.56), the other three months when this
species was harvested were in the wet season with the highest contributions in the
fisheries for M. monteiri (around 30-45%) both in terms of fish number and fish biomass
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found in May, followed by July (around 40% in terms of fish number) and June (same as
July around 5% in terms of fish biomass). However, the highest contributions by M.
monteiri in the fisheries during the fishers’ mixed gear survey were also found in the wet
season months both in terms of fish number and fish biomass with the peak (around 2015%) in October-November (Fig.III.57) but the differences between months were
statistically highly significant only in terms of fish biomass (Table III.19).

Among fishing techniques, the contributions by M. monteiri were consistently
higher with basket-traps (Fig.III.58) both in terms of fish number (around 20%) and fish
biomass (around 18%) and the differences between fishing techniques were statistically
highly significant both in terms of fish number and fish biomass (Table III.19).

III.5.16. Distribution of Mormyrops anguilloides fishes caught by length and weight
classes

A total of 80 individual Mormyrops anguilloides fishes for a total biomass of 25g
and 285 individual Mormyrops anguilloides fishes for a total biomass of 143kg were
harvested respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

The bulk of M. anguilloides fishes harvested (nearly 80%) during both the multimesh Gillnet survey and the fishers’ mixed gear survey were between 20cm and 54 cm
standard length (Fig.III.59), with the main difference between the two surveys being that
larger sized fishes larger than 60cm standard length were reported during the later than
during the first survey.
133

Nearly 60% of M. anguilloides fishes harvested during the multi-mesh Gillnet
survey weighted bellow 200g with only nearly 6% of individuals of 2kg or greater
reported, while nearly 70% of individual fishes reported during the fishers’ mixed gear
survey were bellow 500g and the majority of the remaining catches (26%) were
individuals between 500g and 1kg (Fig.III.60).

The individual fish mean biomass of Mormyrops anguilloides from the multimesh Gillnet survey was 310.27g (min=12, max=1600, mode=130, SD=329.815;
CV=106.3%) and the mean standard length was 31.67cm (min=11, max=60.5, mode=27,
SD=11.588, CV=36.59%). There was a highly significant linear increase of M.
anguilloides fish weight with length (r2=0.8354) and a highly significant 2nd order
Polynomial increase in M. anguilloides fish weight with length (r2=0.9467), while M.
anguilloides fish weight showed a highly significant linear increase with the 3rd power of
the standard length (r2=0.9466) during the multi-mesh Gillnet survey (Fig.III.61).

However, M. anguilloides fishes harvested during the fishers’ mixed gear survey
were overall larger with a mean biomass of 502.55g (min=35, max=5100, mode=100,
SD=598.62; CV=119.12%) and the mean standard length of 38.47cm (min=10.4,
max=100, mode=41, SD=15.287, CV=39.74%). There was a significant linear increase of
M. anguilloides fish weight with length (r2=0.7329) and a highly significant 2nd order
Polynomial increase of M. anguilloides fish weight with length (r2=0.9303), while M.
anguilloides fish weight showed a highly significant linear increase with the 3rd power of
the standard length (r2=0.9254) during fishers’ mixed gear survey (Fig.III.62).
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III.5.17. Mormyrops anguilloides Catch Per Unit Effort (CPUE)
Overall across the multi-mesh Gillnet survey, the total CPUE of Mormyrops
anguilloides harvested was 2.8626g/m/h with an average CPUE of 0.0016g/m/h
(mode=0; min=0; max=0.2541; SD=0.0120; CV=749.75%). The highest CPUE for M.
anguilloides during the multi-mesh Gillnet survey were observed in the wet season month
with the peak in July and September (Fig.III.63).

As with Marcusenius monteiri, the highest pooled (794.62g/trap/h) as well as
average (12.04±19.88g/trap/h) CPUE for Mormyrops anguilloides was observed with
basket-traps (Appendix 2) followed by hooks for both the pooled CPUE (19.26g/m/h)
and the average CPUE (0.04 ±0.02g/m/h). However, M. anguilloides has also been
reported at high CPUE from the two fishing techniques using Gillnets (Table III.21) with
the highest pooled CPUE observed from the set nets (9.51g/m/h) but the highest average
CPUE was observed from the drift nets (0.033±0.026g/m/h).

Looking specifically at the main fishing technique which was basket-traps for M.
anguilloides, the highest CPUE were found during the wet months with November
having the highest values followed by August-September (Fig.III.64a). There was also a
very high CPUE with hooks amid very few fishing events for M. anguilloides in
November, while July and September tended to have much higher CPUE with set
Gillnets (Fig.III.64c).
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Except for seasons, the differences in CPUE were statistically highly significant
for M. anguilloides between months, fishing techniques and land-use types during the
fishers’ mixed gear survey (Table III.21).

III.5.18. Contribution of Mormyrops anguilloides in the fisheries

The contributions by M. anguilloides were surprisingly higher in the interface
logging-urban and in the logging areas both in terms of fish number and fish biomass
during the multi-mesh Gillnet survey (Fig.III.66) without any significant difference
between land-use types. However, during the fishers’ mixed gear survey, the
contributions by M. anguilloides were higher in the urban areas and interfaces parkvillage and park-logging in terms of fish number but much higher in the interfaces parklogging and park-village in terms of fish biomass (Fig.III.67), without any significant
difference between land-use types.

The highest contributions by M. anguilloides during the multi-mesh Gillnet
survey were found in July both in terms of fish number (around 25%) and fish biomass
(around 80%), followed by August and June in terms of fish number and by September
and June in terms of fish biomass (Fig.III.68). all in the wet season but the differences
between months were statistically not significant. Similarly, highest contributions by M.
anguilloides during the fishers’ mixed gear survey were found in June in terms of fish
number (around 18%) and in July (around 20%) followed by June and August (both
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around 18%) in terms of fish biomass (Fig.III.69), and the differences between months
for both values were statistically significant (Table III.23).

As expected, contributions by M. anguilloides harvested with basket-traps during
the fishers’ mixed gear survey were consistently higher both in terms of fish number and
fish biomass but much higher with other fishing techniques (mainly hooks) in terms of
fish biomass (Fig.III.69), with highly significant differences between fishing techniques
(Table III.23).

III.5.19. Distribution of Schilbe grenfelli fishes caught by length and weight classes

A total of 617 individual Schilbe grenfelli fishes for a total biomass of 34kg and
1357 individual Schilbe grenfelli fishes for a total biomass of 113kg were harvested
respectively during the multi-mesh Gillnet and fishers’ mixed gear surveys.

Overall, the high majority (nearly 95%) of Schilbe grenfelli fishes harvested
during the multi-mesh Gillnet survey were much smaller and bellow 20cm standard
length (Fig.70a), than the ones harvested during the fishers’ mixed gear survey when
nearly 80% of fishes were between 15cm and 25cm standard length (Fig.III.70b).

In terms of fish weigh however, the high majority of Schilbe grenfelli fishes
reported from both surveys were under 200g, with the exceptions being that more than
90% of fishes harvested during the multi mesh Gillnet survey and more than 75% of
fishes harvested during the fishers’ mixed gear survey were under 100g (Fig.III.71).
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Overall, Schilbe grenfelli fishes were the smallest among the 7 target species of
economic value.

The individual fish mean biomass was 56g (min=4, max=718, mode=10,
SD=70.474; CV=126.57%) and the mean standard length was 14.13cm (min=6,
max=36.5, mode=10, SD=5.125, CV=36.27%) during the multi-mesh Gillnet survey.
There was a significant linear increase in S. grenfelli fish weight with length (r2=0.7176)
and a highly significant 2nd order Polynomial increase in S. grenfelli fish weight with
length (r2=0.9609), as well as a highly significant linear increase in S. grenfelli fish
weight with the 3rd power of the standard length (r2=0.9646) during the multi-mesh
Gillnet survey (Fig.III.72).

However, Schilbe grenfelli fishes harvested during the fishers’ mixed gear survey
were overall larger with a mean biomass of 83.41g (min=10, max=800, mode=100,
SD=61.056; CV=73.20%) and the mean standard length of 19.45cm (min=9.5, max=45,
mode=17, SD=4.071, CV=20.94%). There was a fairly significant linear increase in S.
grenfelli fish weight with length (r2=0.5348) and a significant 2nd order Polynomial
increase in S. grenfelli fish weight with length (r2=0.6788, see Fig.III73a). Similarly, S.
grenfelli fish weight showed a significant linear increase with the 3rd power of the
standard length (r2=0.9254) during fishers’ mixed gear survey (Fig.III.73b).

III.5.20. Schilbe grenfelli Catch Per Unit Effort (CPUE)
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Overall across the multi-mesh Gillnet survey, the total CPUE of Schilbe grenfelli
was 4.1358g/m/h and the average was 0.0023g/m/h (mode=0; min=0; max=0.1035;
SD=0.0081; CV=349.98%). There were overall higher CPUE for S. grenfelli during the
wet season months with the top highest CPUE found in December, followed by JuneJuly, August-September and November during the multi-mesh Gillnet survey (Fig.III.74)
and the differences in CPUE between seasons, months and month by land-use types were
all statistically highly significant (Table III.24).

During the fishers’ mixed gear survey, S. grenfelli was reported from all the
common fishing techniques with overall high CPUE (Table III.25). However, the highest
pooled (616.11g/hook/h) and average (3.46±3.65g/hook/h) CPUE for S. grenfelli were
found with hooks followed by the two fishing techniques using Gillnets (Table III.25).
Fishing techniques were responsible for most observed variations in CPUE for S.
grenfelli as supported by the statistically highly significant differences between fishing
techniques (F (4,1155) = 9.510, p<0.001; see Table III.25).

As see during the multi-mesh Gillnet survey, there was significantly higher CPUE
for S. grenfelli in the wet season during the fishers’ mixed gear survey, with the highest
values found in July and November with the drift Gillnets, November-December with the
hooks and August with the set Gillnets (Fig.III.75). This was supported by significant
differences in CPUE for S. grenfelli between seasons and months and highly significant
difference between seasons by land-use types (respectively F (1,1157) = 5.335, p<0.05; F
(10,1157)

= 1.941, p<0.05 and; F (9,1157) = 2.686, p<0.01; see Table III.24).
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III.5.21. Contribution of Schilbe grenfelli in the fisheries

The highest but statistically not significant contributions by S. grenfelli during the
multi-mesh Gillnet survey were found in the interface park-logging- village (around
28%) in terms of fish number and in the interface logging-urban (around 20%) in terms
of fish biomass (FigV.76), but the differences between land-use types were not
significant with statistically highly significant differences in the contribution in terms of
individual fish number between months by land-use types (Table III.26a) .

However, during the fishers’ mixed gear survey the highest contributions by S.
grenfelli were found in the interface logging-urban-village (Fig.III.77), both in terms of
fish number (around 40%) and fish biomass (around 33%), and the differences between
land-use types were significant in terms of fish number and highly significant in terms of
fish biomass (Table III.27).

There were only very little seasonal variations but higher contributions by S.
grenfelli during the multi-mesh Gillnet survey were found in May (around 20%) and
August (around 17%) in terms of fish number and in July (around 28%) and August
(around 15%) in terms of fish biomass (Fig.III.78). Similarly, no major seasonal
variations were found in the contributions by S. grenfelli during the during the fishers’
mixed gear survey but April which is for most of the part a dry month had a higher value
in terms of fish number (around 20%) while August (around 10%) in the wet season had
the highest value in terms of fish biomass (Fig.III.79), and the differences in the
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contributions by S. grenfelli in terms of fish number between months during the fishers’
mixed gear survey were statistically highly significant (Table III.27a).

A high contribution by S. grenfelli during the fishers’ mixed gear survey was
found with other fishing techniques (Fig.III.80) both in terms of fish number (around
35%) and fish biomass (around 10%) but the difference between fishing techniques was
only significant in terms of fish number (Table III.27).

III. 6. Discussion

Overall, seasons were significantly responsible for the observed variation in C.
gibbosus biomass during the fishers’ mixed gear survey. This was supported by: 1) a
highly significant difference in fish biomass harvested between seasons with more
biomass harvested during the dry season while as seen above the number of fish caught
during the wet season was significantly higher; 2) a highly significant difference in fish
biomass harvested between fishing techniques by seasons and between fishing techniques
by land-use types by seasons

However, the CPUE data and the inherent interpretation as one of commonly used
proxy for fish abundance will be made with serious caution for both the fisherydependent data from fishers’ survey and the fishery-independent data from the multimesh Gillnet survey based on possible hyper-stability in aggregation-based fisheries
where CPUE may remain stable at high levels or even increase even when real fish
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biomass or stock is declining as suggested by recent studies (Harley et al. 2001; Erisman
et al. 2011).

Beside the clear selectivity found in most fishing techniques such as basket-traps
and line-fishing with hooks, the survey data suggested a fairly strong seasonal trend in
fish catch. For instance, some species such as Citharinus gibbosus and Distichodus
fasciolatus were almost caught yearlong with highs and lows related to seasonal
variations and a few rare and nearly seasonal species such as Marcusenius monteiri was
only caught in February, May, June and July with the highest CPUE observed in May
during the multi-mesh Gillnet. Except occasional times when Marcusenius monteiri was
caught in other land-use types, this species tended to be very localized with almost all
catches for this species occurred in the logging-village interface.

There was a strong support between these results and the more detailed variance
partitioning with Classification and Regression Tree were predictions were provided
about the same focal fish species and the major fishing techniques describes here.

Several nonconventional and prohibitive fishing techniques that usually kill
multiple fish species of all size including fledglings and other freshwater living
organisms such as the use of fish poisoning (ichthyotoxin), mosquito net-like fishing
gears and pumping out water from natural fish pond after creating a mud dam are
commonly used by local fishers or intruders. These prohibitive fishing techniques are
usually unreported if they are not too hard to be quantified and included in the survey
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data. In a few occasions, pumping out water from natural fish pond after creating a mud
dam was reported during the creel survey in 2010-2011 from which a lot of smaller size
fishes were harvested.
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III. 8. Tables and figures
Table III.1. Summary of ANOVA on Citharinus gibbosus CPUE by seasons, months,
land-use types and the interaction between terms for the multi-mesh Gillnet survey
season
month
landusetype
season:landusetype
month:landusetype
Residuals

Df Sum Sq Mean Sq F value
Pr(>F)
1 0.0003 0.000349
0.235
0.6280
11 0.0729 0.006627
4.459 1.17e-06 ***
9 0.0249 0.002770
1.863
0.0533 .
8 0.0045 0.000558
0.375
0.9341
64 0.0707 0.001105
0.744
0.9351
1690 2.5120 0.001486

Table III.2. Summary of ANOVA on Citharinus gibbosus CPUE by seasons, months,
land-use types and fishing techniques, and the interaction between terms for the
fishers’ mixed gear survey
season
month
landusetype
fishingtechnique
season:landusetype
month:landusetype
season:fishingtechnique
month:fishingtechnique
landusetype:fishingtechnique
season:landusetype:fishingtechnique
month:landusetype:fishingtechnique
Residuals

Df Sum Sq Mean Sq F value Pr(>F)
1
2.9 2.9381
8.505 0.00361 **
10
5.1 0.5118
1.482 0.14061
10
2.1 0.2071
0.600 0.81524
4
6.3 1.5639
4.527 0.00124 **
9
3.8 0.4224
1.223 0.27679
66
21.5 0.3255
0.942 0.60908
4
0.5 0.1331
0.385 0.81923
39
21.2 0.5444
1.576 0.01417 *
24
5.0 0.2084
0.603 0.93396
14
4.0 0.2850
0.825 0.64212
60
17.6 0.2932
0.849 0.78724
1155 399.0 0.3455

Table III.3. Summary of the ANOVA on percentage out of the total number of fishes
(a) and fish biomass (b) of Citharinus gibbosus out of the total number of fishes
caught by seasons, months, land-use types, and interactions between terms based on
the multi-mesh Gillnet survey
(a)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
332
331.6
6.047 0.014029 *
month
11
5462
496.6
9.056 6.86e-16 ***
landusetype
9
1541
171.3
3.123 0.000979 ***
season:landusetype
8
167
20.9
0.381 0.931385
month:landusetype
64
5846
91.4
1.666 0.000888 ***
Residuals
1690 92676
54.8

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
1393 1393.3
7.030 0.008089 **
month
11 12771 1161.0
5.858 2.15e-09 ***
landusetype
9
6500
722.2
3.644 0.000160 ***
season:landusetype
8
542
67.7
0.342 0.949754
month:landusetype
64 21256
332.1
1.676 0.000778 ***
Residuals
1690 334944
198.2
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Table III.4. Summary of the ANOVA on percentage out of the total number of fishes
(a) and fish biomass (b) of Citharinus gibbosus harvested by season, month, land-use
types, fishing techniques and interactions between terms based on the fishers’ mixed
gear survey
(a)
season
month
landusetype
fishingtechnique
season:landusetype
month:landusetype
season:fishingtechnique
month:fishingtechnique
landusetype:fishingtechnique
season:landusetype:fishingtechnique
month:landusetype:fishingtechnique

Residuals

Df Sum Sq Mean Sq F value
Pr(>F)
1
1821
1821
4.897 0.02710 *
10 20636
2064
5.549 4.11e-08***
10 11236
1124
3.021 0.00088***
4 22248
5562 14.956 6.35e-12***
9
2310
257
0.690 0.71822
66 13155
199
0.536 0.99912
4
507
127
0.341 0.85036
39 12604
323
0.869 0.69973
24
3893
162
0.436 0.99204
14
2921
209
0.561 0.89602
63 13556
215
0.579 0.99658

1157 430267

(b)

372

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
1680
1680
4.590 0.032370 *
month
10 12690
1269
3.467 0.000165***
landusetype
10
5883
588
1.607 0.099124 .
fishingtechnique
4 19640
4910 13.416 1.08e-10***
season:landusetype
9
1437
160
0.436 0.915894
month:landusetype
66 14338
217
0.594 0.995927
season:fishingtechnique
4
592
148
0.404 0.805712
month:fishingtechnique
39
9935
255
0.696 0.921431
landusetype:fishingtechnique
24
2954
123
0.336 0.998964
season:landusetype:fishingtechnique
14
2456
175
0.479 0.944761
month:landusetype:fishingtechnique
63 11060
176
0.480 0.999811
Residuals
1157 423438
366

Table III.5. Summary of ANOVA on Clarias buthupogon CPUE by seasons, months
and land-use types, and the interaction between terms for the multi-mesh Gillnet s
survey
Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

Sum Sq
0.0030
0.0124
0.0043
0.0017
0.0116
0.4121

Mean Sq F value
Pr(>F)
0.0029787 12.215 0.000486 ***
0.0011263
4.619 5.78e-07 ***
0.0004727
1.938 0.042929 *
0.0002173
0.891 0.523089
0.0001816
0.745 0.934224
0.0002439
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Table III.6. Summary of ANOVA on Clarias buthupogon CPUE by seasons, months,
land-use types and fishing techniques, and the interaction between terms for the
fishers’ mixed gear survey
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
0.17
0.173
9.428 0.00219 **
month
10
2.44
0.244 13.256 < 2e-16***
landusetype
10
7.69
0.769 41.852 < 2e-16***
fishingtechnique
4
3.90
0.976 53.084 < 2e-16***
season:landusetype
9
7.41
0.824 44.808 < 2e-16***
month:landusetype
66 21.98
0.333 18.119 < 2e-16***
season:fishingtechnique
4
1.10
0.274 14.904 7.00e-12***
month:fishingtechnique
39 24.84
0.637 34.653 < 2e-16***
landusetype:fishingtechnique
24 84.38
3.516 191.239 < 2e-16***
season:landusetype:fishingtechnique
14 80.16
5.726 311.480 < 2e-16***
month:landusetype:fishingtechnique
60
3.59
0.060
3.255 1.19e-14***
Residuals
1155 21.23
0.018

Table III.7. Summary of the ANOVA on percentage out of the total number of fishes
(a) and fish biomass (b) of Clarias buthupogon harvested by seasons, months, landuse types, and interactions between terms based on the multi-mesh Gillnet survey
(a)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
563
563.1 15.585 8.21e-05 ***
month
11
2003
182.1
5.039 8.86e-08 ***
landusetype
9
640
71.2
1.969
0.0392 *
season:landusetype
8
294
36.7
1.016
0.4214
month:landusetype
64
2073
32.4
0.896
0.7059
Residuals
1690 61066
36.1

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
1160 1160.4 16.754 4.46e-05 ***
month
11
2791
253.8
3.664 3.67e-05 ***
landusetype
9
1440
160.0
2.311
0.014 *
season:landusetype
8
677
84.6
1.222
0.282
month:landusetype
64
2565
40.1
0.579
0.997
Residuals
1690 117053
69.3
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Table III.8. Summary of the ANOVA on percentage out of the total number of fishes
(a) and fish biomass (b) of Clarias buthupogon harvested by seasons, months, landuse types, and interactions between terms based on the fishers’ mixed gear survey
(a)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
355
355.1
2.861 0.091013 .
month
10
4020
402.0
3.239 0.000392***
landusetype
10
4995
499.5
4.024 1.92e-05***
fishingtechnique
4
6818 1704.5 13.733 6.04e-11***
season:landusetype
9
1149
127.7
1.029 0.414720
month:landusetype
66
5351
81.1
0.653 0.985403
season:fishingtechnique
4
1878
469.5
3.783 0.004607 **
month:fishingtechnique
39
5613
143.9
1.160 0.232885
landusetype:fishingtechnique
24
3844
160.2
1.290 0.158125
season:landusetype:fishingtechnique
14
2392
170.8
1.377 0.157008
month:landusetype:fishingtechnique
63 21414
339.9
2.739 4.48e-11***
Residuals
1157 143598
124.1

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
724
723.9
4.861
0.0277 *
month
10
5511
551.1
3.700 6.77e-05***
landusetype
10
5433
543.3
3.648 8.29e-05***
fishingtechnique
4
5265 1316.2
8.838 4.98e-07***
season:landusetype
9
752
83.6
0.561
0.8293
month:landusetype
66
7239
109.7
0.736
0.9429
season:fishingtechnique
4
1059
264.8
1.778
0.1309
month:fishingtechnique
39
6375
163.5
1.098
0.3150
landusetype:fishingtechnique
24
3998
166.6
1.119
0.3143
season:landusetype:fishingtechnique
14
2278
162.7
1.092
0.3598
month:landusetype:fishingtechnique
63 19348
307.1
2.062 3.90e-06***
Residuals
1157 172316
148.9

Table III.9. Summary of the ANOVA for the CPUE of Distichodus fasciolatus
harvested during the multi-mesh Gillnet survey (a) and during the fishers’ mixed
gear survey (b) (continued onto next page)
(a)

Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

(b)

Sum Sq
0.0021
0.0093
0.0245
0.0015
0.0278
0.8714

Mean Sq F value
Pr(>F)
0.0020774
4.029
0.0449 *
0.0008484
1.645
0.0804 .
0.0027201
5.275 4.06e-07 ***
0.0001910
0.370
0.9365
0.0004350
0.844
0.8059
0.0005156

season
month
landusetype
fishingtechnique
season:landusetype
month:landusetype
season:fishingtechnique
month:fishingtechnique
landusetype:fishingtechnique
season:landusetype:fishingtechnique
month:landusetype:fishingtechnique

Df Sum Sq Mean Sq F value
Pr(>F)
1
1
1.110
0.161
0.6879
10
36
3.603
0.524
0.8739
10
67
6.717
0.977
0.4611
4
61 15.185
2.210
0.0660 .
9
13
1.394
0.203
0.9939
66
267
4.048
0.589
0.9963
4
46 11.509
1.675
0.1535
39
375
9.615
1.399
0.0539 .
24
211
8.811
1.282
0.1639
14
115
8.245
1.200
0.2691
60
865 14.424
2.099 3.53e-06***
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Residuals

1155

7937

6.872

Table III.10. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Distichodus fasciolatus harvested by seasons,
months, land-use types, and interactions between terms based on the multi-mesh
Gillnet survey
(a)
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
229 229.48
7.303 0.00695 **
month
11
1560 141.81
4.513 9.24e-07 ***
landusetype
9
1703 189.26
6.023 2.38e-08 ***
season:landusetype
8
143
17.89
0.569 0.80384
month:landusetype
64
3187
49.80
1.585 0.00253 **
Residuals
1690 53104
31.42

(b)
Df Sum Sq Mean Sq F value Pr(>F)
season
1
52
52.5
0.738 0.39040
month
11
1768
160.7
2.262 0.00988 **
landusetype
9
9653 1072.6 15.092 < 2e-16 ***
season:landusetype
8
287
35.9
0.505 0.85346
month:landusetype
64
2874
44.9
0.632 0.98988
Residuals
1690 120110
71.1
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Table III.11. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Distichodus fasciolatus harvested by seasons,
months, land-use types, and interactions between terms based on the fishers’ mixed
gear survey
(a)
Df Sum Sq Mean Sq F value Pr(>F)
season
1
233
232.9
1.873 0.1714
month
10
2244
224.4
1.804 0.0556 .
landusetype
10
1559
155.9
1.253 0.2524
fishingtechnique
4
1546
386.5
3.108 0.0148 *
season:landusetype
9
1308
145.3
1.168 0.3117
month:landusetype
66
5708
86.5
0.695 0.9693
season:fishingtechnique
4
553
138.1
1.111 0.3499
month:fishingtechnique
39
4584
117.5
0.945 0.5681
landusetype:fishingtechnique
24
2185
91.0
0.732 0.8221
season:landusetype:fishingtechnique
14
502
35.9
0.289 0.9951
month:landusetype:fishingtechnique
63
2967
47.1
0.379 1.0000
Residuals
1157 143904
124.4

(b)
Df Sum Sq Mean Sq F value Pr(>F)
season
1
215
214.7
1.549 0.2136
month
10
2320
232.0
1.673 0.0819 .
landusetype
10
2317
231.7
1.671 0.0824 .
fishingtechnique
4
1603
400.7
2.891 0.0213 *
season:landusetype
9
1348
149.8
1.081 0.3741
month:landusetype
66
8054
122.0
0.880 0.7403
season:fishingtechnique
4
685
171.2
1.235 0.2941
month:fishingtechnique
39
5068
130.0
0.938 0.5812
landusetype:fishingtechnique
24
2277
94.9
0.685 0.8705
season:landusetype:fishingtechnique
14
550
39.3
0.283 0.9956
month:landusetype:fishingtechnique
63
2989
47.4
0.342 1.0000
Residuals
1157 160374
138.6

Table III.12. Summary of the ANOVA on Hydrocynus forskahlii CPUE by season,
month, land-use types, and interactions between terms based on the multi-mesh
Gillnet survey
Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

Sum Sq
0.0054
0.0383
0.0115
0.0061
0.0412
0.7081

Mean Sq F value
Pr(>F)
0.005365 12.805 0.000356 ***
0.003482
8.312 2.31e-14 ***
0.001279
3.052 0.001245 **
0.000761
1.817 0.069703 .
0.000643
1.535 0.004672 **
0.000419
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Table III.13. Summary of the ANOVA on Hydrocynus forskahlii CPUE by season,
month, land-use types, fishing techniques and interactions between terms based on
the fishers’ mixed gear survey
Df Sum Sq Mean Sq
season
1
15
14.78
month
10
68
6.83
landusetype
10
590
58.99
fishingtechnique
4
25
6.23
season:landusetype
9
1198 133.07
month:landusetype
66
87
1.32
season:fishingtechnique
4
96
24.08
month:fishingtechnique
39
288
7.37
landusetype:fishingtechnique
24
1809
75.40
season:landusetype:fishingtechnique
14
3356 239.73
month:landusetype:fishingtechnique
60
2
0.04
Residuals
1155
446
0.39

F value
Pr(>F)
38.279 8.50e-10***
17.706 < 2e-16***
152.809 < 2e-16***
16.151 7.06e-13***
344.736 < 2e-16***
3.419 < 2e-16***
62.369 < 2e-16***
19.099 < 2e-16***
195.316 < 2e-16***
621.027 < 2e-16***
0.093
1

Table III.14. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Hydrocynus forskahlii harvested by seasons,
months, land-use types, and interactions between terms based on the multi-mesh
Gillnet survey
(a)

season
1
940
month
11
9836
landusetype
9
3690
season:landusetype
8
864
month:landusetype
64 11036
Residuals
1690 127261

(b)

940.2
894.2
409.9
108.0
172.4
75.3

12.485
11.875
5.444
1.435
2.290

0.000421
< 2e-16
2.15e-07
0.177074
5.53e-08

***
***
***
***

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
2281 2280.9 13.412 0.000258 ***
month
11 13820 1256.4
7.388 1.78e-12 ***
landusetype
9
6133
681.5
4.007 4.37e-05 ***
season:landusetype
8
1930
241.3
1.419 0.183649
month:landusetype
64 19954
311.8
1.833 8.52e-05 ***
Residuals
1690 287409
170.1
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Table III.15. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Hydrocynus forskahlii harvested by seasons,
months, land-use types, and interactions between terms based on the fishers’ mixed
gear survey
(a)

Df Sum Sq Mean Sq F value Pr(>F)
season
1
12
11.73
0.239 0.62515
month
10
859
85.88
1.748 0.06583 .
landusetype
10
302
30.24
0.615 0.80177
fishingtechnique
4
203
50.72
1.032 0.38938
season:landusetype
9
880
97.79
1.990 0.03723 *
month:landusetype
66
3997
60.57
1.233 0.10429
season:fishingtechnique
4
93
23.21
0.472 0.75611
month:fishingtechnique
39
1966
50.41
1.026 0.42749
landusetype:fishingtechnique
24
2178
90.75
1.847 0.00782 **
season:landusetype:fishingtechnique
14
2260 161.43
3.285 3.6e-05 ***
month:landusetype:fishingtechnique
63
1892
30.03
0.611 0.99282
Residuals
1157 56852
49.14

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
1
0.6
0.009 0.925397
month
10
1256
125.6
1.849 0.048497 *
landusetype
10
592
59.2
0.871 0.559975
fishingtechnique
4
342
85.6
1.260 0.283749
season:landusetype
9
1582
175.8
2.587 0.005922 **
month:landusetype
66
4684
71.0
1.045 0.382265
season:fishingtechnique
4
144
36.1
0.531 0.713187
month:fishingtechnique
39
2953
75.7
1.115 0.291115
landusetype:fishingtechnique
24
3998
166.6
2.453 0.000123***
season:landusetype:fishingtechnique
14
4925
351.8
5.178 1.45e-09 ***
month:landusetype:fishingtechnique
63
2375
37.7
0.555 0.998121
Residuals
1157 78593
67.9

Table III.16. Summary of ANOVA on Marcusenius monteiri CPUE by seasons,
months and land-use types, and the interaction between terms for the multi-mesh
Gillnet s survey
Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

Sum Sq
0.0000013
0.0000678
0.0000062
0.0000081
0.0001471
0.0019678

Mean Sq F value
Pr(>F)
1.269e-06
1.090
0.297
6.165e-06
5.295 2.79e-08 ***
6.920e-07
0.594
0.803
1.007e-06
0.865
0.545
2.298e-06
1.973 1.02e-05 ***
1.164e-06
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Table III.17. Summary of ANOVA on Marcusenius monteiri CPUE by seasons,
months, land-use types and fishing techniques, and the interaction between terms
for the fishers’ mixed gear survey
Df
season
1
***
month
10
***
landusetype
10
***
fishingtechnique
4
***
season:landusetype
9
***
month:landusetype
66
***
season:fishingtechnique
4
***
month:fishingtechnique
39
***
landusetype:fishingtechnique
24
***
season:landusetype:fishingtechnique
14
***
month:landusetype:fishingtechnique
60
***
Residuals
1155
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Sum Sq Mean Sq F value Pr(>F)
176
176
60.17 1.9e-14
4990

499

170.70 < 2e-16

10729

1073

366.99 < 2e-16

8300

2075

709.73 < 2e-16

2539

282

96.49 < 2e-16

108340

1642

561.48 < 2e-16

2460

615

210.38 < 2e-16

18651

478

163.57 < 2e-16

151664
1880
315616
3377

6319 2161.52 < 2e-16
134

45.93 < 2e-16

5260 1799.27 < 2e-16
3

Table III.18. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Marcusenius monteiri harvested by seasons,
months, land-use types, and interactions between terms based on the multi-mesh
Gillnet survey
(a)

Df Sum Sq Mean Sq F value Pr(>F)
season
1
20
20.13
5.346 0.0209 *
month
11
671
60.99 16.197 <2e-16 ***
landusetype
9
59
6.58
1.748 0.0736 .
season:landusetype
8
27
3.36
0.894 0.5209
month:landusetype
64
1232
19.25
5.113 <2e-16 ***
Residuals
1690
6364
3.77

(b)

Df Sum Sq Mean Sq F value Pr(>F)
season
1
5
4.915
0.713 0.3985
month
11
143 13.001
1.886 0.0368 *
landusetype
9
23
2.588
0.376 0.9471
season:landusetype
8
44
5.543
0.804 0.5988
month:landusetype
64
430
6.724
0.976 0.5321
Residuals
1690 11647
6.892

Table III.19. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Marcusenius monteiri harvested by seasons,
months, land-use types, fishing techniques and interactions between terms based on
the fishers’ mixed gear survey
(a)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
168
168.2
3.343 0.06776 .
month
10
1288
128.8
2.559 0.00464 **
landusetype
10
4362
436.2
8.670 8.62e-14***
fishingtechnique
4
1447
361.8
7.191 1.02e-05***
season:landusetype
9
1793
199.3
3.960 5.47e-05***
month:landusetype
66
4758
72.1
1.433 0.01493 *
season:fishingtechnique
4
304
76.0
1.510 0.19699
month:fishingtechnique
39
2836
72.7
1.445 0.03877 *
landusetype:fishingtechnique
24
2112
88.0
1.749 0.01423 *
season:landusetype:fishingtechnique
14
1047
74.8
1.486 0.10875
month:landusetype:fishingtechnique
63
2451
38.9
0.773 0.90286
Residuals
1157 58214
50.3

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
254
253.7
4.681 0.030698 *
month
10
836
83.6
1.543 0.118892
landusetype
10
4470
447.0
8.248 5.14e-13***
fishingtechnique
4
1040
260.1
4.800 0.000765***
season:landusetype
9
1769
196.6
3.628 0.000177***
month:landusetype
66
3832
58.1
1.072 0.328958
season:fishingtechnique
4
136
34.1
0.630 0.641514
month:fishingtechnique
39
2113
54.2
1.000 0.471354
landusetype:fishingtechnique
24
1613
67.2
1.240 0.196190
season:landusetype:fishingtechnique
14
791
56.5
1.042 0.407561
month:landusetype:fishingtechnique
63
2432
38.6
0.712 0.956063
Residuals
1157 62698
54.2
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Table III.20. Summary of ANOVA on Mormyrops anguilloides CPUE by seasons,
months and land-use types, and the interaction between terms for the multi-mesh
Gillnet s survey
Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

Sum Sq
0.00010
0.00248
0.00201
0.00208
0.02249
0.22890

Mean Sq F value
Pr(>F)
0.0000998
0.737
0.3907
0.0002252
1.663
0.0761
0.0002228
1.645
0.0974
0.0002594
1.915
0.0539
0.0003514
2.595 2.36e-10
0.0001354

.
.
.
***

Table III.21. Summary of ANOVA on Mormyrops anguilloides CPUE by seasons,
months, land-use types and fishing techniques, and the interaction between terms
for the fishers’ mixed gear survey
season
month
landusetype
fishingtechnique
season:landusetype
month:landusetype
season:fishingtechnique
month:fishingtechnique
landusetype:fishingtechnique
season:landusetype:fishingtechnique
month:landusetype:fishingtechnique

Df Sum Sq Mean Sq F value
Pr(>F)
1
14
14
0.560
0.455
10
2686
269 10.783 < 2e-16***
10
6523
652 26.191 < 2e-16***
4
7806
1951 78.352 < 2e-16***
9
2190
243
9.769 1.64e-14***
66 71239
1079 43.337 < 2e-16***
4
1642
410 16.478 3.88e-13***
39 12169
312 12.528 < 2e-16***
24 94461
3936 158.025 < 2e-16***
14
3617
258 10.374 < 2e-16***
60 199553
3326 133.533 < 2e-16***

Table III.22. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Mormyrops anguilloides harvested by seasons,
months, land-use types, and interactions between terms based on the multi-mesh
Gillnet survey
(a)
Df Sum Sq Mean Sq F value Pr(>F)
season
1
9
8.735
0.692 0.406
month
11
154 13.995
1.109 0.350
landusetype
9
100 11.064
0.877 0.545
season:landusetype
8
136 16.963
1.344 0.217
month:landusetype
64
491
7.669
0.608 0.994
Residuals
1690 21323 12.617

(b)

Df Sum Sq Mean Sq F value Pr(>F)
season
1
38
37.99
0.724 0.39484
month
11
860
78.17
1.490 0.12837
landusetype
9
720
80.05
1.526 0.13311
season:landusetype
8
739
92.33
1.760 0.08051 .
month:landusetype
64
4981
77.83
1.484 0.00854 **
Residuals
1690 88643
52.45
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Table III.23. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Mormyrops anguilloides harvested by seasons,
months, land-use types, and interactions between terms based on the fishers’ mixed
gear survey
(a)
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
83
83.5
1.674
0.1960
month
10
1096
109.6
2.198
0.0159 *
landusetype
10
385
38.5
0.771
0.6569
fishingtechnique
4
4900 1224.9 24.563 < 2e-16***
season:landusetype
9
318
35.4
0.709
0.7007
month:landusetype
66
2526
38.3
0.767
0.9143
season:fishingtechnique
4
1443
360.7
7.234 9.41e-06***
month:fishingtechnique
39
6453
165.4
3.318 7.06e-11***
landusetype:fishingtechnique
24
2051
85.5
1.714
0.0175 *
season:landusetype:fishingtechnique
14
4482
320.1
6.419 1.40e-12***
month:landusetype:fishingtechnique
63
4457
70.8
1.419
0.0193 *
Residuals
1157 57698
49.9

(b)

Df Sum Sq Mean Sq F value
Pr(>F)
season
1
60
60.5
0.688 0.406864
month
10
1615
161.5
1.839 0.049967 *
landusetype
10
589
58.9
0.671 0.752342
fishingtechnique
4
7414 1853.4 21.106 < 2e-16***
season:landusetype
9
455
50.6
0.576 0.817578
month:landusetype
66
5963
90.3
1.029 0.415751
season:fishingtechnique
4
1915
478.8
5.452 0.000238***
month:fishingtechnique
39 10361
265.7
3.025 2.70e-09***
landusetype:fishingtechnique
24
4260
177.5
2.021 0.002545 **
season:landusetype:fishingtechnique
14
6148
439.2
5.001 3.87e-09***
month:landusetype:fishingtechnique
63 13331
211.6
2.410 1.39e-08***
Residuals
1157 101601
87.8

Table III.24. Summary of ANOVA on Schilbe grenfelli CPUE harvested by seasons,
months and land-use types, and the interaction between terms harvested during the
multi-mesh Gillnet s survey
Df
season
1
month
11
landusetype
9
season:landusetype
8
month:landusetype
64
Residuals
1690

Sum Sq
0.00076
0.00374
0.00050
0.00008
0.00755
0.10474

Mean Sq F value
Pr(>F)
0.0007624 12.301 0.000464 ***
0.0003398
5.483 1.19e-08 ***
0.0000556
0.898 0.526403
0.0000099
0.160 0.995749
0.0001180
1.903 3.00e-05 ***
0.0000620
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Table III. 25. Summary of ANOVA on Schilbe grenfelli CPUE by seasons, months,
land-use types and fishing techniques, and the interaction between terms harvested
during the fishers’ mixed gear survey
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
300.8
5.335 0.02108
301
*
month
10
1094
109.4
1.941 0.03648
*
landusetype
10
979
97.9
1.737 0.06803
.
fishingtechnique
4
2145
536.3
9.510 1.45e-07
***
season:landusetype
9
1363
151.5
2.686 0.00430
**
month:landusetype
66
3634
55.1
0.976 0.53183
season:fishingtechnique
4
535
133.7
2.371 0.05072
.
month:fishingtechnique
39
2806
71.9
1.276 0.12115
landusetype:fishingtechnique
24
1829
76.2
1.351 0.12005
season:landusetype:fishingtechnique
14
1288
92.0
1.632 0.06460
.
month:landusetype:fishingtechnique
60
5231
87.2
1.546 0.00552
**
Residuals
1155 65127
56.4

Table III.26. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Schilbe grenfelli harvested by seasons, months,
land-use types, and interactions between terms during the multi-mesh Gillnet
survey
(a)
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
228
227.7
2.188
0.1393
month
11
2410
219.1
2.105
0.0173 *
landusetype
9
1286
142.9
1.373
0.1950
season:landusetype
8
1419
177.4
1.705
0.0926 .
month:landusetype
64 13726
214.5
2.061 2.55e-06 ***
Residuals
1690 175863
104.1

(b)

Df Sum Sq Mean Sq F value Pr(>F)
season
1
533
533.2
3.988 0.0460 *
month
11
3127
284.3
2.126 0.0161 *
landusetype
9
1271
141.2
1.056 0.3926
season:landusetype
8
1834
229.3
1.715 0.0903 .
month:landusetype
64 11357
177.5
1.327 0.0448 *
Residuals
1690 225957
133.7
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Table III.27. Summary of the ANOVA on percentage out of the total number of
fishes (a) and fish biomass (b) of Schilbe grenfelli harvested by seasons, months,
land-use types, and interactions between terms harvested during the fishers’ mixed
gear survey
(a)
Df Sum Sq Mean Sq F value
Pr(>F)
season
1
62
62.2
0.328 0.566964
month
10
5816
581.6
3.065 0.000749***
landusetype
10
7383
738.3
3.891 3.23e-05***
fishingtechnique
4
2250
562.4
2.964 0.018853 *
season:landusetype
9
2511
279.0
1.470 0.153891
month:landusetype
66 25011
379.0
1.997 7.01e-06***
season:fishingtechnique
4
4447 1111.7
5.859 0.000114***
month:fishingtechnique
39 17492
448.5
2.364 6.38e-06***
landusetype:fishingtechnique
24
8145
339.4
1.789 0.011193 *
season:landusetype:fishingtechnique
14
2263
161.7
0.852 0.612080
month:landusetype:fishingtechnique
63 14876
236.1
1.244 0.098771 .
Residuals
1157 219540
189.7

(b)
Df Sum Sq Mean Sq F value Pr(>F)
season
1
356
356.0
1.259 0.2621
month
10
4693
469.3
1.659 0.0854 .
landusetype
10
5808
580.8
2.053 0.0255 *
fishingtechnique
4
2068
516.9
1.827 0.1212
season:landusetype
9
1763
195.8
0.692 0.7164
month:landusetype
66 24872
376.8
1.332 0.0423 *
season:fishingtechnique
4
3315
828.7
2.930 0.0200 *
month:fishingtechnique
39 14597
374.3
1.323 0.0900 .
landusetype:fishingtechnique
24
6716
279.8
0.989 0.4775
season:landusetype:fishingtechnique
14
1216
86.9
0.307 0.9933
month:landusetype:fishingtechnique
63 15972
253.5
0.896 0.7032
Residuals
1157 327289
282.9
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Figure III.1. Percentage of different fishing techniques used by fishers during the
2009-2010 survey along the Sangha River (N=1402). Other fishing techniques
include castanets, harpoon, machete, mesh net traps, mud dam and poison
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38.2
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33.0
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Figure III.2 Frequency distribution of Citharinus gibbosus by class of length based on the
multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b) overall and (c) with set
Gillnets, (d) with drift Gillnets during the creel survey
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(c)

(d)
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Figure III.3. Frequency distribution of Citharinus gibbosus by class of weight based
on the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b) overall
and (c) with set Gillnets, (d) with drift Gillnets during the creel survey
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(b)

(d)

161

Figure III.4. Scatter plot of the relationship weight-length of Citharinus gibbosus
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black squared-dot curve depicts a
fitted second order polynomial regression (a) portraying a significant polynomial
fish weight-length relationship. The black round-dot curve depicts a fitted linear
regression portraying a significant positive linear relationship between fish weight
and the 3rd power standard length (b)
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Figure III.5. Scatter plot of the relationship weight-length of Citharinus gibbosus
caught using all fishing techniques from the fishers’ mixed gear survey. Grey dots
depict individual fish of a given standard length for a given weight. The black
squared-dot dashed curve depicts a fitted second order polynomial regression (a)
portraying a polynomial fish weight-length relationship. The black round-dot
dashed curve depicts a fitted linear regression portraying a positive relationship
between fish weight and the 3rd power standard length
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Figure III.6. Box and whisker plot of CPUE of Citharinus gibbosus harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers. Months
with no catch (0) for this species are not included in the plot
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Figure III.7. Box and whisker plot of Citharinus gibbosus CPUE harvested using
drift Gillnets during the fishers’ mixed gear survey. The boxes depict the
interquartile range around the median; bars depict the 95% CI and dots are
outliers. Months with no catch (0) for this species are not included in the plot

Figure III.8. Box and whisker plot of Citharinus gibbosus CPUE harvested using set
Gillnets during the fishers’ mixed gear survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers
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Figure III.9. Box and whisker plot of Citharinus gibbosus CPUE harvested using
unspecified Gillnets during the fishers’ mixed gear survey. The boxes depict the
interquartile range around the median; bars depict the 95% CI and dots are
outliers
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Figure III.10. Box and whisker plot of Citharinus gibbosus CPUE harvested using
hooks (line-fishing) during the fishers’ mixed gear survey. The boxes depict the
interquartile range around the median; bars depict the 95% CI and dots are
outliers. Months with no catch (0) for this species are not included in the plot
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Figure III.11. Box and whisker plot of the contribution of Citharinus gibbosus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes (b) harvested by month during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Months with no catch (0) for this species are not
included in the plot

(a)

(b)

168

Figure III.12. Box and whisker plot of the contribution of Citharinus gibbosus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes (b) harvested by month during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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Figure III.13. Box and whisker plot of the contribution of Citharinus gibbosus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes (b) harvested by fishing technique during the fishers’
mixed gear survey. The boxes depict the interquartile range around the median;
bars depict the 95% CI and dots are outliers
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Figure III.14. Frequency distribution of Clarias buthupogon by class of length
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)

(a)

(b)

Figure III.15. Frequency distribution of Clarias buthupogon by class of weigh caught
during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b)
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Figure III.16. Scatter plot of the relationship weight-length of Clarias buthupogon
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression while the squared-dot curve depicts a fitted second order polynomial
regression (a) both portraying a significant positive fish weight-length relationship.
The black round-dot curve depicts a fitted linear regression portraying a significant
positive linear relationship between fish weight and the 3rd power standard length
(b)
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Figure III.17. Scatter plot of the relationship weight-length of Clarias buthupogon
caught during the fishers’ mixed gear survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a fairly strong positive weight-length relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a fairly significant positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.18. Box and whisker plot of CPUE of Clarias buthupogon harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers Months
with no catch (0) for this species are not included in the plot

Figure III.19. Box and whisker plot of CPUE of Clarias buthupogon harvested by
month with hooks (line-fishing) during the fishers’ mixed gear survey. The boxes
depict the interquartile range around the median; bars depict the 95% CI and dots
are outliers. Months with no catch (0) for this species are not included in the plot
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Figure III.20. Box and whisker plot of CPUE of Clarias buthupogon harvested by
month with set Gillnets during the fishers’ mixed gear survey. The boxes depict the
interquartile range around the median; bars depict the 95% CI and dots are
outliers
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Figure III.21. Box and whisker plot of the contribution of Clarias buthupogon in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass of fishes (b) harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot
(a)

(b)
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Figure III.22. Box and whisker plot of the contribution of Clarias buthupogon in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Land-use types with no catch (0) for this
species are not included in the plot
(a)

(b)
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Figure III.23. Box and whisker plot of the contribution of Clarias buthupogon in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass of fishes (b) harvested by months during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Months with no catch (0) for this species are not
included in the plot
(a)
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Figure III.24. Box and whisker plot of the contribution of Clarias buthupogon in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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Figure III.25. Box and whisker plot of the contribution of Clarias buthupogon in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers
(a)

(b)

180

Figure III.26. Frequency distribution of Distichodus fasciolatus by class of length
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)

(a)

(b)

Figure III.27. Frequency distribution of Distichodus fasciolatus by class of weigh
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)

(a)

(b)
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Figure III.28. Scatter plot of the relationship weight-length of Distichodus fasciolatus
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a fairly strong positive weight-length relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a highly significant positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.29. Scatter plot of the relationship weight-length of Distichodus fasciolatus
caught during the fishers’ mixed gear survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a significant positive weight-length relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a highly significant positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.30. Box and whisker plot of CPUE of Distichodus fasciolatus harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers

Figure III.31. Box and whisker plot of CPUE of Distichodus fasciolatus harvested by
month with drift Gillnets (a) the set Gillnets (b) and unspecified Gillnets (c) during
the fishers’ mixed gear survey. The boxes depict the interquartile range around the
median; bars depict the 95% CI and dots are outliers. Months with no catch (0) for
this species and occasionally super high values of CPUE are not included in the plot
(continue onto next page)
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Figure III.32. Box and whisker plot of the contribution of Distichodus fasciolatus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)
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Figure III.33. Box and whisker plot of the contribution of Distichodus fasciolatus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers
(a)

(b)
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Figure III.34. Box and whisker plot of the contribution of Distichodus fasciolatus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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Figure III.35. Box and whisker plot of the contribution of Distichodus fasciolatus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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Figure III.36. Box and whisker plot of the contribution of Distichodus fasciolatus in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers
(a)

(b)
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Figure III.37. Frequency distribution of Hydrocynus forskahlii by class of length
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)

(a)

(b)
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Figure III.38. Frequency distribution of Hydrocynus forskahlii by class of weigh
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)
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(b)
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Figure III.39. Scatter plot of the relationship weight-length of Hydrocynus forskahlii
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a strong positive linear weight-length relationship, while the
squared-dot curve depicts a fitted third order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a strong positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.40. Scatter plot of the relationship weight-length of Hydrocynus forskahlii
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a strong positive weight-length relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a strong positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.41. Box and whisker plot of CPUE of Hydrocynus forskahlii harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers
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Figure III.42. Box and whisker plot of CPUE of Hydrocynus forskahlii harvested by
month with drift Gillnets (a), set Gillnets (b) and unspecified Gillnets (c) during the
fishers’ mixed gear survey. The boxes depict the interquartile range around the
median; bars depict the 95% CI and dots are outliers. Months with no catch (0) for
this species and occasionally super high values of CPUE are not included in the plot
(continued onto next page)
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(c)

Figure III.43. Box and whisker plot of the contribution of Hydrocynus forskahlii in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot (continued onto next page)
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Figure III.44. Box and whisker plot of the contribution of Hydrocynus forskahlii in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Land-use types with no catch (0) for this
species are not included in the plot
(a)
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Figure III.45. Box and whisker plot of the contribution of Hydrocynus forskahlii in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)

199

Figure III.46. Box and whisker plot of the contribution of Hydrocynus forskahlii in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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Figure III.47. Box and whisker plot of the contribution of Hydrocynus forskahlii in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers
(a)

(b)
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Figure III.48. Frequency distribution of Marcusenius monteiri by class of length
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)
(a)

(b)

Figure III.49. Frequency distribution of Marcusenius monteiri by class of weight
caught during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey
(b)
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(b)
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Figure III.50. Scatter plot of the relationship weight-length of Marcusenius monteiri
caught during the multi-mesh Gillnet survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a highly significantly positive weight-length relationship (a).
The black round-dot curve depicts a fitted linear regression portraying a highly
significant positive linear relationship between fish weight and the 3rd power
standard length (b)
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Figure III.51. Scatter plot of the relationship weight-length of Marcusenius monteiri
caught during the fishers’ mixed gear survey. Grey dots depict individual fish of a
given standard length for a given weight. The black solid line depicts a fitted linear
regression portraying a strong positive weight-length relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
highly significant positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a highly significant positive linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.52. Box and whisker plot of CPUE of Marcusenius monteiri harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers Months
with no catch (0) for this species are not included in the plot

Figure III.53. Box and whisker plot of CPUE of Marcusenius monteiri harvested by
month with basket-traps (a), with the set Gillnets (b) and with unspecified Gillnets
(c) during the fishers’ mixed gear survey. The boxes depict the interquartile range
around the median; bars depict the 95% CI and dots are outliers. Months with no
catch (0) for this species are not included in the plot (continued onto next page)
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Figure III.54. Box and whisker plot of the contribution of Marcusenius monteiri in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot
(a)
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Figure III.55. Box and whisker plot of the contribution of Marcusenius monteiri in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Land-use types with no catch (0) for this
species are not included in the plot
(a)
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Figure III.56. Box and whisker plot of the contribution of Marcusenius monteiri in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Months with no catch (0) for this species are not
included in the plot
(a)

(b)

Figure III.57. Box and whisker plot of the contribution of Marcusenius monteiri in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers (continued onto next page)
(a)
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Figure III.58. Box and whisker plot of the contribution of Marcusenius monteiri in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Land-use types with no catch (0) for this
species are not included in the plot (continued onto next page)
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Figure III.59. Frequency distribution of M. anguilloides by class of length harvested
during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b)
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Figure III.60. Frequency distribution of M. anguilloides by class of weight harvested
during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b)
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Figure III.61. Positive fish weight-length relationship (a). The black round-dot
curve depicts a fitted linear regression portraying a highly significant linear
relationship between fish weight and the 3rd power standard length (b)
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Figure III.62. Scatter plot of the relationship weight-length of Mormyrops
anguilloides harvested during the fishers’ mixed gear survey. Grey dots depict
individual fish of a given standard length for a given weight. The black solid line
depicts a fitted linear regression portraying a significant positive weight-length
relationship, while the squared-dot curve depicts a fitted second order polynomial
regression portraying a highly significant positive fish weight-length relationship
(a). The black round-dot curve depicts a fitted linear regression portraying a highly
significant positive linear relationship between fish weight and the 3rd power
standard length (b)
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Figure III.63. Box and whisker plot of CPUE of Mormyrops anguilloides harvested
by month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers
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Figure III.64. Box and whisker plot of CPUE of Mormyrops anguilloides harvested
by month with basket-traps (a), hooks line-fishing (b) and set Gillnets (c) during the
fishers’ mixed gear survey. The boxes depict the interquartile range around the
median; bars depict the 95% CI and dots are outliers. Months with no catch (0) for
this species are not included in the plot (continued onto next page)
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Figure III.65. Box and whisker plot of the contribution of Mormyrops anguilloides in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot (continued onto next page)
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Figure III.66. Box and whisker plot of the contribution of Mormyrops anguilloides in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by land-use types during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Land-use types with no catch (0) for this
species are not included in the plot (continued onto next page)
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Figure III.67. Box and whisker plot of the contribution of Mormyrops anguilloides in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers (continued onto next page)
(a)
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Figure III.68. Box and whisker plot of the contribution of Mormyrops anguilloides in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by months during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers (continued onto next page)
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Figure III.69. Box and whisker plot of the contribution of Mormyrops anguilloides in
terms of percentage out of the total number of fishes (a) and percentage out of the
total biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed
gear survey. The boxes depict the interquartile range around the median; bars
depict the 95% CI and dots are outliers. Months with no catch (0) for this species
are not included in the plot (continued onto next page)
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Figure III.70. Frequency distribution of Schilbe grenfelli by class of length harvested
during the multi mesh Gillnet survey (a) and the fishers’ mixed gear survey (b)
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Figure III.71. Frequency distribution of Schilbe grenfelli by class of weight
harvested during the multi mesh Gillnet survey (a) and the fishers’ mixed gear
survey (b)
(a)
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Figure III.72. Scatter plot of the relationship weight-length of Schilbe grenfelli
harvested during the multi-mesh Gillnet survey. Grey dots depict individual fish of
a given standard length for a given weight. The black solid line depicts a fitted
linear regression portraying a significant positive weight-length linear relationship,
while the squared-dot curve depicts a fitted second order polynomial regression
portraying a highly significant positive fish weight-length relationship (a). The
black round-dot curve depicts a fitted linear regression portraying a highly
significant linear relationship between fish weight and the 3rd power standard
length (b)
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Figure III.73. Scatter plot of the relationship weight-length of Schilbe grenfelli
harvested during the fishers’ mixed gear survey. Grey dots depict individual fish of
a given standard length for a given weight. The black solid line depicts a fitted
linear regression portraying positive weight-length linear relationship, while the
squared-dot curve depicts a fitted second order polynomial regression portraying a
stronger positive fish weight-length relationship (a). The black round-dot curve
depicts a fitted linear regression portraying a fairly significant linear relationship
between fish weight and the 3rd power standard length (b)

900

y = 0.6937x2 - 19.352x + 185.91
r² = 0.6788

700
600
500
400
300

y = 10.966x - 129.84
r² = 0.5348

200
100
0
8

13

18

23

28

33

38

43

48

Individual fish weight (g) for Schilbe grenfelli
form the fishers' mixed gear survey

Individual fish weight (g) for Schilbe grenfelli
form the fishers' mixed gear survey

900

800

800

y = 0.0075x + 20.176
r² = 0.6732

700
600
500
400
300
200
100
0
8.000

20008.000

40008.000

60008.000

80008.000

3rd power Standard length (cm)

Standard length (cm)

(a)

(b)

224

100008.000

Figure III.74. Box and whisker plot of CPUE of Schilbe grenfelli harvested by
month during the multi-mesh Gillnet survey. The boxes depict the interquartile
range around the median; bars depict the 95% CI and dots are outliers

Figure III.75. Box and whisker plot of CPUE of Schilbe grenfelli harvested by
month with drift Gillnets(a), with the hooks (b), with the set Gillnets (c) and with
unspecified Gillnets (d), during the fishers’ mixed gear survey. The boxes depict the
interquartile range around the median; bars depict the 95% CI and dots are
outliers. Months with no catch (0) for a given fishing technique for this species are
not included in the plot (continued onto next few pages)
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Figure III.76. Box and whisker plot of the contribution of Schilbe grenfelli in terms
of percentage out of the total number of fishes (a) and percentage out of the total
biomass of fishes (b) harvested by land-use types during the multi mesh Gillnet
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot
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Figure III.77. Box and whisker plot of the contribution of Schilbe grenfelli in terms
of percentage out of the total number of fishes (a) and percentage out of the total
biomass of fishes (b) harvested by land-use types during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers. Land-use types with no catch (0) for this species are
not included in the plot
(a)

(b)
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Figure III.78. Box and whisker plot of the contribution of Schilbe grenfelli in terms
of percentage out of the total number of fishes (a) and percentage out of the total
biomass (b) of fishes harvested by months during the multi mesh Gillnet survey.
The boxes depict the interquartile range around the median; bars depict the 95%
CI and dots are outliers
(a)

(b)
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Figure III.79. Box and whisker plot of the contribution of Schilbe grenfelli in terms
of percentage out of the total number of fishes (a) and percentage out of the total
biomass (b) of fishes harvested by months during the fishers’ mixed gear survey.
The boxes depict the interquartile range around the median; bars depict the 95%
CI and dots are outliers
(a)

(b)
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Figure III.80. Box and whisker plot of the contribution of Schilbe grenfelli in terms
of percentage out of the total number of fishes (a) and percentage out of the total
biomass (b) of fishes harvested by fishing techniques during the fishers’ mixed gear
survey. The boxes depict the interquartile range around the median; bars depict the
95% CI and dots are outliers
(a)

(b)
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CHAPTER IV

ESTIMATING FISH POPULATION STRUCTURE AND AGE-CLASS
DISTRIBUTION OF 7 FISH SPECIES OF ECONOMIC VALUE IN THE
SANGHA RIVER USING FISHERIES-DEPENDENT DATA AND POLISHED
OTOLITH GROWTH INCREMENTS

IV.1. Abstract

This study combining fisheries-dependent data from a one-year long creel survey
and a three-week survey aimed to provide key information on which to base sustainable
fisheries for seven indigenous species of freshwater fish populations with recognized
economic value in the Sangha River. Each individual was identified to species, and
standard length to the nearest millimeter and body weight in grams were recorded. For
the three-week fishers’ survey, the same protocol was applied but otoliths were also
extracted from individual fishes harvested by local fishers. The total sample size for each
species from the 2009-2010 creel survey and 2014 fishers survey respectively were: 1962
and 19 individual Citharinus gibbosus; 670 and 13 individual Clarias buthupogon; 465
and 21 individual Distichodus fasciolatus; 298 and 19 individual Hydrocynus forskahlii;
402 and 10 individual Marcusenius monteiri; 285 and 16 individual Mormyrops
anguilloides and; 1357 and 17 individual Schilbe grenfelli. Whenever this was possible
and depending on species and individual fish size, a pair of otoliths was extracted, labeled
and stored in a dry Pelican case with a Silica gel. The Asteriscus otoliths were easily
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extracted and used for fish aging, except on M. monteiri and M. anguilloides for which
the Lapilli were much easier to find and extract. Lab processing of each otolith included
embedding, slicing for otoliths at least 2mm thick, such as most lapilli found in M.
monteiri and M. anguilloides, followed by mounting on glass slides and polishing. Once
mounted on a glass slide and polished, each otolith was photographed under a videomicroscope using appropriate magnification lenses allowing the best readings of growth
rings. A clear seasonal growth pattern was depicted for all species with individual fishes
at least 12 months or older, with slow growth during dry months (end of December,
January to February and July) and fast growth during rainy months and slightly after
(Late March to June and August to mid-December). Overall and based on extrapolations
from the otolith readings, an overwhelming majority of harvested fishes were estimated
to be only a few months old and under their probable age-at first maturity including at
least 55% of C. gibbosus, at least 53% of C. buthupogon, nearly 80% of D. fasciolatus, at
least 70% of H. forskahlii, nearly 77% of M. monteiri, nearly 78% of M. anguilloides
and, at least 78% of S. grenfelli. Large individuals that were estimated to be at least 3year old and fully mature made up only a tiny proportion way under 5% of harvested
fishes during the two surveys. However, with only a few individuals of a few age-classes
represented in the fish with otolith samples, my data did not allow accurate estimates of
the growth parameters and therefore fitting the von Bertalanffy growth model.

Even without any evidence such as with gonad or other life history data to support
or reject the hypothesis that the small fishes being caught could in this fisheries have
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reached their age at first maturity earlier than expected, as a consequence of overfishing
reported elsewhere. Evidence suggests harvest of edible fish species before they reach
maturity in the studied part of the Sangha River. Viability of fisheries over longer periods
is unknown, but reduced age and size structure will impact the sustainability of the
fisheries by limiting the stock storage ability.

Despite sampling challenges and required lab resources and technical skills, fish
otolith microstructure readings proved to be a reliable aging technique for species leaving
in complex ecosystems such as the Sangha River. This study revealed an urgent need to
carry out further research on species of the same or more economic value of the Sangha
River following the same methods used here over a longer period of at least 5 years, in
order to provide crucial information about fish growth and age-class distribution in
addition to quantifying fishing pressure and other environmental factors such as water
quality, needed for both the conservation and sustainable management of the Region’s
fisheries.

IV.2. Introduction

For many decades, fisheries management programs relied estimation of maximum
sustainable yield by using catch per unit effort from fisheries or surveys as indicators of
trend in fish population abundance and fish stocks (Haddon 2010; Hilborn & Walters
1992; Maunder & Punt 2004; Pollock 1994; Quinn & Deriso 1999). This strategy was
risk prone and failed across the world for not considering the long-term impact of fishing
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on population structure and productivity. Not only the same amount or an increasing fish
biomass can be harvested through time while the catch is being made of many smaller
fishes as opposed to a few large individuals, harvested fish populations may develop
different reproductive strategies such as reducing their age at first maturity and laying
fewer and less viable eggs (Borrell 2013). Understanding fish population structure and
growth rates remain the key factors in species conservation and sustainable management
in both freshwater and ocean fisheries (Haddon). Age-based methods in fisheries have
provided improvements in fisheries models by accounting for annual production and
mortality, and better estimating growth and the age structure of populations. Growth
rings are found on sectioned fish otoliths or other features such as scales, bones and fin
rays and provide an estimate of age, if they can be validated (Abecasis et al. 2008;
Brouwer & Griffiths 2004; Griffith 1975). Body length (total or standard) and biomass
that are prone to vary with water quality, food availability and other environmental
stresses such as fishing pressure among rivers or at different locations in the same river
(Jones 1992), thus knowing the age of individuals is a significant advantage in
determining influential environmental factors. Moreover, fish metabolism favors otoliths
growth as fish ages (Beamish & McFarlane 1983, Casselman 1987) as they are given
higher priority in calcium utilization (see Carlander, 1987, Abecasis et al. 2008).

Depending on the species, the three types of otoliths extracted include the sagittal
also called sagitta (plural sagittae), the lapillus (plural lapilli) and the asteriscus (plural
asterisci, see Table IV.1). Among the otolith types, sagittae, Lapilli are more reliable in
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fish aging than asteriscus which is usually formed later during fish development
(Barkman 1978, Jones 1992). However, variations in otolith shape and size were noticed
within and among species as suggested by Taubert & Coble (1977) mainly related to fish
age in addition to environmental conditions and intraspecific differences. Overall,
asterisci were the larger otoliths and easy to extract during the field removal with most
Ostariophysans or Ostariophyseans species, except for the two species of Mormyridae
Marcusenius monteiri and Mormyrops anguilloides for which the lapilli were larger and
easier to extract (Table IV.1). Sagittae were the largest amongst all the three types of
otoliths extracted but were only easy to locate in a few individuals of Citharinus gibbosus
and Hydrocynus forskahlii (Table IV.1).

This study was the first of its kind across Central Africa, using fisheriesdependent data focusing on 7 species with recognized economic value collected from
local fishers to understand the status of fish community of the Sangha River and provide
baseline information for further studies and establishment of a long-term sustainable
management planning of freshwater fisheries across the region.

IV.2.1. Selection of fish species

The economic value of species could be related a combination of many criteria,
including the average weight of individual fish usually caught and usually large-biomass
fish are among the less common; the average price per kg of fresh or dry-smoked fish on
the market and; the taste usually associated with the amount of bones found in the fish
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meat with too bony fishes being less favored. Overall, the average price for most fish of
economic value across the Sangha Tri-National (STN) region is 1kg of fresh fish for 1000
of CFA francs (~US$1.5-2.25 depending on exchange rate) and nearly double this price
for the same mass of smoked dry fish, based on the preliminary market data collected
during the fishers’ mixed gear survey (This study, unpublished data). Of course, prices
fluctuate between seasons based on market availability as a result of fluctuations in fish
catchability and abundance. Without being the top most valuable fish species, in the
region, the 7 species here are among the ones with high economic value and were chosen
based on their availability from fishers’ catch during the survey for otolith removal in
accordance with the sample-size requirement.

The following fish species described in alphabetic order will be the focus of his
chapter.

IV.2.1.1. Citharinus gibbosus (Boulenger, 1899)

Citharinus gibbosus of the Citharinidae Family also called lutefishes is a flat
deep-bodied ray-finned and bony fish (Characiforms, Actinopterygii) relatively abundant
and one of the largest fish in this family with its closely-related Citharinus congicus
across the Sangha Tri-National and beyond in the Congo Basin, well known as “Liyanga”
in most local languages (Fig.IV.1). In addition to its body shape, amongst others features
that make C. gibbosus very distinct compared to closely related species of Citharinidae
due to the much longer than deep adipose fin (see Fig.IV.1; Eccles 1992). C. gibbosus
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have been observed to feed on aquatic vegetation and possibly invertebrates living in
muddy water background and tend to occur mainly in bays and river mouths with low
requirement to water depth (Eccles 1992).

C. gibbosus is one of the species of economic value in the Sangha Tri-National
and across all the Congo Basin due to its being relatively abundant and can weigh as
heavy as 4.4kg (maximum published weight) and the maximum reported total length is
61.0 cm TL (Male/unsexed, Daget 1984) but specimen of more than 8 to 10kg have been
caught in the Sangha River and elsewhere according to local fishers and unpublished
sources (e.g. unpublished reports by R.E. Brummett and A.J.M. Russell.; Mamonékéné et
al.). C. gibbosus has a typically deep-like fish with body depth representing nearly
40.7% of total length and the standard length (measurement used in this survey)
representing nearly 77.5 % of the total length (fishbase.org). Results from a semi-open
fish farming basin in the DRC Ubangi Basin reported that fishes aging 1 month had an
average total length of 90mm and weighing in average 10g while the fishes of age 15.5
months weighed 290g for 270mm total length (de Mérona & Ecoutin 1979). Largest
specimens of C. gibbosus reported during the fishers’ mixed gear survey were 66cm
(SL)/ 4.600kg, 64cm (SL)/ 4.950kg and 63cm (SL)/ 4.925kg all harvested in January
2010 using set Gillnet fishing.

However, in addition to its being bony and therefore not favored by everybody,
especially by small kids, one of the drawbacks with C. gibbosus fish-meat, like many
others Actinopterygii is related to the challenge faced by fishers in selling the fish as
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quickly as possible as they usually get rotten within a few hours after they have been
caught.

As consequences, the overall price of C. gibbosus usually drops significantly

during seasons of high catchability, and the dry-smoked fish is sold much cheaper than
fresh fish. Ancillary data from the fishers’ mixed-gear survey show that on average, the
market price of fresh C. gibbosus ranged between XAF 800 to 1200 (~ US$ 1.75 –
US$2.3) per kg.

IV.2.1.2. Clarias buthupogon (Sauvage, 1879)

Among the many air-breathing catfishes of the Family of Clariidae
(Siluriformes), Clarias buthupogon (Sauvage, 1879) is characterized by its extremely
long barbells and has an elongated and relatively thin fish (Fig.IV.2) with body depth
representing nearly 13.5% of total length, standard length (measurement used in this
survey) representing nearly 89 % of the total length (fishbase.org). C. buthupogon reach
50cm SL based on data from this study. Which was greater than the published reports of
30.1cm TL for male/unisex individual (fishbase.org; Teugels 2003). C. buthupogon food
items are mainly carnivorous including aquatic invertebrates (zooplankton and zoobenthos) and occasionally small fishes and aquatic plants (Teugels 1986; fishbase.org &
Acta Ichthyologica et Piscatoria). Being an air-breathing fish C. buthupogon is well
adapted and mainly found in shallow waters with a muddy background or directly in
mud, particularly lakes, rivers, swamps (e.g. In the Likouala Swamps located Southeast
of the Sangha Tri-National landscape with many other species of the genus Clarias) and
floodplains (Agnese & Teugels 2005), and has been found migrating between water
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bodies in dry season or sometimes to escape predators and was qualified as “a walking
catfish” (Patrick Boundja pers. Com).

Clarias buthupogon is one of the top most favored fish and cooked in various
recipes across the Congo Basin well known as “Ngolo” which is a generic name for fish
of the genus Clarias and usually highly priced. Moreover, the fish “meat” is almost bonefree and remains fresh for quite a long period of time after being caught, which prevent it
from depreciating even during seasons of high catchability. The two above-mentioned
facts are probably among the reasons that explain why dry-smoked C. buthupogon fish is
of higher price than fresh fish. Ancillary data from the fishers’ mixed-gear survey show
that in average, a kg of fresh Clarias buthupogon market price ranged between XAF
1200 to 1500 (~ US$ 2.3 – US$3).

IV.2.1.3. Distichodus fasciolatus (Boulenger, 1898)

One of the two most common, relatively abundant and largest among nearly 6
species Distichodus genus reported across the Sangha Tri-National and the Congo Basin,
D. fasciolatus of Distichodontidae family (Boulenger, 1898), well known as “Mboto” in
most local languages (Fig.IV.3). D. fasciolatus is a flat and mostly deep-bodied rayfinned and bony fish (Characiforms, Actinopterygii) with body depth representing nearly
28.1% of total length, standard length (measurement used in this survey) representing
nearly 78.5 % of the total length (fishbase.org; Daget & Gosse 1984). It has been
reported that D. fasciolatus can grow up to at least reports 60.1cm TL with a maximum
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reported weight of 3kg (see fishbase.org; Daget & Gosse 1984) but specimens of more
than 62cm (SL)/7.6kg and 65cm (SL)/4.5kg were reported during this fishers’ mixed gear
survey. D. fasciolatus feeds mainly aquatic plants and debris (fishbase.org; Riehl &
Baensch 1996) but also on fruits falling from trees and vines along the rivers. D.
fasciolatus like many other closely related large-bodied species of the Distichodus genus
are mainly found in larger and fairly to very deep rivers (fishbase.org; Patrick Boundja
pers. Com.).

D. fasciolatus is also one of the top most favored fish and cooked in various recipes
across the Congo Basin. Unlike other ray-finned and bony fish (Characiforms,
Actinopterygii) such as C. gibbosus, D. fasciolatus is usually kept a bit longer without
going bad after being caught and is highly priced while fresh as well as while drysmoked. Based on ancillary data from the fishers’ mixed-gear survey, D. fasciolatus
market value is very close to C. buthupogon and, in average, fish ranged between XAF
1200 to 1500 (~ US$ 2.3 – US$3) per kg.

IV.2.1.4. Hydrocynus forskahlii (Cuvier, 1819)

The Family of Alestidae (African tetras) is one of the most abundant across the
Congo Basin with the largest fishes found within the genus Hydrocynus AKA “Tiger
fish” (Etymology: Hydrocynus: Greek, hydr = water + Greek, kyon = dog, Romero, P.,
2002. An etymological dictionary of taxonomy. Madrid, unpublished), with at least two
representatives, including H. forskahlii (Paugy & Schaefer 2007) found in the STN. H.
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forskahlii is ray-finned (Characiforms) and moderately bony fish (Fig.IV.4) with body
depth representing only nearly 1% of total length, standard length (measurement used in
this survey) representing nearly 81.3 % of the total length (fishbase.org).

Reported size (SL) at first maturity was nearly 150mm with a maximum observed
size of 780mm based on H. forskahlii caught with Gillnets in Côte d’Ivoire (Albaret
1982; Lévêque & Paugy 2006).

However, separate sources have reported that H.

forskahlii monitored and caught in the Lake Chad had a SL of 125mm at age 1-year,
206mm at 2-year, 272mm at 3-year and the oldest fish (maximum observed age) of 4
years with 328mm SL (Srinn 1974; de Mérona & Ecoutin 1979). The largest H.
forskahlii individuals from this study were SL 77cm weighing 3.55kg and SL 69cm
weighing 3.90kg during the fishers’ mixed gear survey, and 63cm weighing 3.62kg
during the recent survey for otolith extraction in 2014. However, H. forskahlii
specimens over 1m SL weighing more than 15kg are still occasionally caught by fishers
from the studied stretch of the Sangha River (information from local fishers).

H. forskahlii is one of the powerful predator among freshwater fishes found in the
Congo Basin and feed mainly on other smaller bony fish species, aquatic and terrestrial
invertebrates and occurs mainly in river mainstreams (fishbase.org; Paugy & Schaefer
2007).

H. forskahlii locally called “Mbega” is one of the top marketed fish in the STN,
especially large fishes that are highly favored either fresh or dry-smoked. While small
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individuals are caught yearlong, larger specimens of H. forskahlii are usually caught late
in the second half the big rainy season between August and December, which may
support that this species has a preference for deep and murky waters (Patrick Boundja
pers. Com). However, ancillary data from the fishers’ mixed-gear survey, revealed that
dry-smoked H. forskahlii fish was pricier than fresh fish with a market value being very
close to C. buthupogon and, in average, a kg of dry-smoked fish being sold for nearly
2000 XAF (~US$3.3) when market price of fresh fish was nearly XAF 1500 (~US$3) per
kg, with little price fluctuation through the year.

IV.2.1.5. Marcusenius monteiri (Günther, 1873)
Marcusenius monteiri is a ray-finned (Actinopterygii) and Bony tongue fish
(Osteoglossiformes) of the Mormyridae family commonly called “Elephant fishes”. M.
monteiri is a relatively flat fish with a fuse-like body, slightly long and curvy snout and
fairly prominent cylindrical chin (fleshy appendage) beyond snout (Fig.IV.5, Bigorne
1990). Published measurements for M. monteiri on FishBase website come from two
different very old sources and have reported a maximum TL of 45cm (Boulenger 1909)
and maximum weigh of 1.6kg (Jackson 1961). However, the largest specimen caught
during the fishers’ mixed gear survey had a SL of 47cm but weighed only 0.975kg while
most individuals caught during this survey and the multi-mesh Gillnet survey were much
smaller.

Commonly called “Mbesse” like most Mormyridae, M. monteiri tend to be
“sympatric” with many other species of Marcusenius and Mormyrus genera, all very
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favored across the Congo Basin and tend to always be pricy, especially in large towns
and cities with dry-smoked fish being slightly more expensive than fresh fish. Across the
STN, ancillary market data from the fishers’ survey suggested that in terms of price per
kg of fish, M. monteiri was slightly pricier than C. buthupogon, D. fasciolatus and H.
forskahlii, and in average, market price of dry-smoked fish ranged between 2000 to 2300
XAF (~US$3.3 - US$3.5) per kg, while fresh fish ranged between XAF 1500 to 2000
(~US$3 – US$3.3) per kg.

IV.2.1.6. Mormyrops anguilloides (Linnaeus, 1758)

Like M. monteiri, Mormyrops anguilloides is a ray-finned (Actinopterygii) and
Bony tongue fish (Osteoglossiformes) of the Mormyridae family commonly called
“Elephant-snout fishes” or “Elephant fishes” or locally “Mbesse” like most Mormyridae
across the Congo Basin or “Mbomé” in most parts of the STN landscape.

M. anguilloides has a typical Mormyridae-like relatively flat and fuse-like body
but has special characteristics such as Anguilla-like body silhouette and snout almost as
wide as head (Fig.IV.6), with body depth representing only nearly 16.2% TL, standard
length (measurement used in this survey) representing nearly 92.1 % TL (fishbase.org).
Moreover, reported size at first maturity for M. anguilloides ranged between SL 21cm
(Côte d’Ivoire) and SL 39.7cm (Ogun) with a maximum observed size of SL 150cm
(Adebisi 1987; Lévêque & Paugy 2006) (Bigorne 1990) but others sources have reported
a size at first maturity at TL 32.5cm (Bigorne 1990) and maximum weight of 15kg
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(Skelton 2001). Furthermore, surveys of yearly growth at age reported that M.
anguilloides from two different locations of the Lake Kariba in Zambia measured (SL)
23.1cm at the end of the 1st year, 32.8cm at the end of the 2nd year, 41.6cm at the end of
the 3rd year, 46.8cm at the end of 4th year, 49.7cm at the end of the 5th year, 54.5cm at
the end of the 6th year and 55.9cm at the end of the 7th year at the first location and (SL)
17.7cm at the end of the 1st year, 27.1cm at the end of the 2nd year, 35.2cm at the end of
the 3rd year, 41.7cm at the end of 4th year, 51.2cm at the end of the 5th year, 61.4cm at
the end of the 6th year, 68.4cm at the end of the 7th year and 73.7cm at the end of the 8th
year at the second location with the maximum observed weight of 9-13kg (de Mérona &
Ecoutin 1979). The largest M. anguilloides specimens caught during surveys in the
Sangha Rivers had SL 105cm and weighing 6.5kg in August 2014, 95cm-100cm SL and
weighing 3.6kg-5.1kg with line-hook-fishing in May 2010, and only SL 57cm-60cm and
weighing 1.5kg-1.6kg with a multi-mesh Gillnet in May and July 2008 respectively.

A recent discussion with a local fisherman from Ouesso in Northern Congo and
fishing from a camp northern Bomassa village provided understanding about M.
anguilloides and many other fishes of the Mormyridae family survive longer when kept
in deep waters after being caught than in shallow, high currant and potentially warmer
waters, which provided a strong support that this species has a strong preference for deep
quiet water between boulders and below overhangs, away from strong currents and
mostly occurs beneath Salvinia sp. mats found in rivers, estuaries and lakes (Bigorne
1990).

M. anguilloides has a predominantly carnivorous diet with juveniles preying on
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invertebrates, including shrimps and insect larvae while adult fishes feed on smaller fish
species including Cichlids and Labeo (Bigorne 1990).

Ancillary market data from the fishers’ survey suggested that M. anguilloides
usually weigh more than M. monteiri but the price per kg of fish for both species was
very similar.

IV.2.1.7. Schilbe grenfelli (Boulenger, 1900)

Schilbe grenfelli is a ray-finned (Actinopterygii) and Siluriformes or catfish also
known as "butter catfish" as many other fishes of the genus Schilbe found in the family
Schilbeidae. S. grenfelli is a relatively small-to-medium sized fish found across most
parts of the Congo River basin (De Vos 1993), a very typical flat fish with body depth
nearly 22.1% of TL and standard length nearly 83.9% TL, and a disproportionally long
anal fin resulting in short Pre-anal length making only nearly 39% of TL, (Fig.IV.7;
fishbase.org).

The maximum published SL for male/unsexed S. grenfelli was 50cm (De

Vos 1986; De Vos 1993). However, the largest specimens of S. grenfelli harvested
during surveys were 30.7cm SL and 450g in August 2014, 45cm SL and 800g in April
2010 (fishers’ mixed gear survey), 33cm SL and 470g in June 2008 (multi-mesh Gillnet
survey).

S. grenfelli individuals are assumed to reach sexual maturity around 12 months
old with an estimate high minimum population doubling time less than 15 months
(Assuming fec > 10,000, see fishbase.org).
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Despite its relatively small size, S. grenfelli has tender boneless meat that remains
fresh for a fairly long period of time after the fish has been caught and therefore favored
by fish consumers across the Congo Basin and is well known as “Malangwa” in the local
language (Lingala).

Based on ancillary data from the fishers’ mixed-gear survey, S.

grenfelli market value is very close to that of many other species of economic value such
as C. buthupogon and D. fasciolatus, with the only difference being that at least 3 to 6
fishes are usually required to get a kg of S. grenfelli that in average was sold between
XAF 1200 to 1500 (~ US$ 2.3 – US$3) with fresh fish being slightly pricy than drysmoked fish for this species.

IV.3. Goal and objectives

The overall goal of this study is to provide basis for developing sustainable
fisheries strategies across the Sangha Tri-National Conservation landscape through a
better understanding of population size and age structure in relation to maximum sizes
and estimated age and size at maturity. Data from fisheries-dependent and fisheriesindependent surveys will be compared to otolith-based age and published data. To
achieve this goal, I will pursue the following objectives:

1- Understand fish population structure and age-class distribution of the targeted
species in the Sangha River;
2- Establish relationships between body length, weight and fish age among the
species of high economic value in the Sangha River based on the targeted
species;
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3- Provide scientific and technical recommendations for further research on
fishes and fisheries and for sustainable management of the Sangha TriNational fisheries.
IV.4. Materials and methods

IV.4.1. Field data collection
This study used the same 2009-2010 fishers’ creel survey data from the 400km
stretch of the Sangha River, Sangha Tri-National conservation area.

Additional data used in this study came from a fieldwork for otolith removal was
carried out during three weeks between July and August 2014. The Wildlife
Conservation Congo Program provided on-site logistic support for the field work while
the fish ecology and fisheries conservation lab at the Environmental Conservation
Department of the University of Massachusetts Amherst run by Professor Adrian Jordaan
provided financial and technical support for the field work and lab processing and
reading the otolith microstructure.

IV.4.2. Field extraction of fish otoliths

A 3-week survey was carried out at 7 sites, including: Kabo, one of the major
logging towns in the landscape where WCS has established a long-term project in
partnership with the logging Concession since 2000; Bomassa, a large village where the
WCS Headquarter for the Nouabalé-Ndoki National Park is located since 1993 and; 5
quasi-permanent fishing camps including one south of Kabo and 4 North of Bomassa.
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At each site, a maximum effort was allocated to convince as many fishers and
sales women as possible to have access to their fishes for sampling in an opportunisticbasis. Unfortunately, the survey was carried out during a low-catch fishing season and
most people were not willing to give up their fishes for sampling and otolith removal,
even when they were offered to sell the fishes or just the fish heads (which in fact most
people favor eating). Therefore, 7 species among the fish species with high economic
value where the most common during the survey and whom which a sufficient sample of
otoliths were extracted (Table IV.1). Measurements made on each sampled individual
fish included Standard length and weight, and each sampled fish was photographed for
species identification.

A regular kitchen knife, a pair of scissors, a pair of forceps and a pair of tweezers
were used for fish otolith extraction at the site (Fig.IV.8). Despite the challenge in
extracting fish otoliths in the field condition, an effort was made to extract a pair of the
largest and most easily accessible otoliths from each sampled fish.

Most sampled individuals were young and therefore had small otoliths (Barkman
1978, Jones 1992), a pair of otoliths of one of the tree types well-developed and easily
observable with naked eyes was extracted otherwise only one to three otoliths of one or
two types were extracted and stored in the field for further processing.

Once extracted, the otoliths were rinsed in water, rolled in dry paper and stapled,
clearly abeled (Fig.IV.9) and stored with Silica gel desiccant in a dry Pelican Case. The
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otolith labels were structured as follows: the number related to the rank order in otolith
removal for a particular individual fish occurred during the day at a given site from 1 to
the maximum number possible (e.g. the highest number was 23); the date in the format
“mmddyyyy” and; the site initial, usually the first or the first two letters from the site’s
name (see Fig.IV.9).

IV.4.3. Preparation of otoliths

Otoliths were either embedded before being sectioned and polished or directly
mounted on laboratory glass slides, and polished for microstructure reading by
microscope.

Prior to their embedding and polishing, each otolith was gently washed with paper
towel soaked with 90% Ethanol to get rid of all tissues and improve visibility on the
microscope. Each otolith’s maximum length, width and depth were measured using a
light micrometer caliper (Fig.IV.10) and kept dry in a clear 1.5mL Polypropylene micro
centrifuge tube with lid, including a printed label with the unique ID, the species
scientific name, the fish weight and standard length for further processing (Fig.IV.10).

IV.4.4. Embedding of otoliths

A typical medium hardness and low viscosity formulation was preparated for the
embedding resin, in a fume hood, with the following components: 16.2ml of SPI-PON
812, 10ml of DDSA, 8.9ml of NMA and 0.7ml of DMP-30 (Spi 1995 - 2015). An
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appropriate amount of each component accurately measured was added in a glass
decanter and stirred until a homogenous mixture was formed. A small amount of the
resin was poured into Pelco embedding molds up to nearly one quarter filled and placed
flat in an oven at 60oC for at least 24 hours to harden, after which time the blocks were
allowed to cool to room temperature for nearly two hours. The otoliths were placed and
glued with a thin layer of super glue on top of the first layer of hardened resin, in the
embedding molds and properly oriented making sure the ventral surface containing the
sulcus is facing up, and a sufficient amount of resin is poured to fully cover the otolith
without having to fill the mold completely (Fig.IV.11). Molds with otoliths were then
returned to the oven at 60oC and kept flat for at least 24 hours to harden. To prevent
sample loss of mixing, a diagram of the embedding molds was drawn in Excel where
each cell was assigned a reference based on the otolith sample unique ID. The
embedding molds were taken out of the oven and kept in the lab room temperature until
sectioning.

IV.4.5. Sectioning of embedded otoliths

In order to obtain the desired evenly flat and parallel surfaces and gain proximity
to the otolith’s core, the embedded otolith was sectioned with Isomet slow cutting saw
station. Prior to sectioning, each otolith embedded in hardened low viscosity resin block
was withdrawn from the mold and carefully mounted on the Isomet’s chucks, making
sure the saw blade was oriented perpendicular to the embedded otolith (Fig.IV.12). The
sectioning should leave nearly 2mm of resin material on both side of the embedded
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otolith in the case of very small otoliths with less than 3mm max length or less than 1mm
depth and just cut away thin peripheral materials (less than 0.4mm) on both side of larger
or thicker otoliths with greater than 1.5mm depth, as with Mormyrops anguilloides.
However, there were cases when sectioning large otoliths greater than 4mm max length
and 2mm depth into two slices (Mormyrops anguilloides) provided good exposure to the
microstructure without a need for further prolonged polishing.

Once sectioned, embedded otoliths were stored in the clear 1.5mL Polypropylene
micro centrifuge tubes with lid, together with printed labels with unique ID and other
details for each individual fish (Fig.IV.13), for polishing and reading of microstructure to
identify grow rings.

IV.4.6. Polishing otoliths

For the otoliths requiring polishing, this is a critical phase in the preparation
towards guaranteeing accurate microstructure readability of the processed otolith. Prior
to polishing, each embedded and sectioned or non-embedded otolith was mounted on a 1"
glass slide and glued with a softened SPI (2SPI) Crystalbond heated at 100oC on a hot
plate. Generally, otoliths were polished from the dorsal (back) first until the core became
visible, without going deeper and then returned for a final polishing on the ventral
surface. The following materials and equipment were used for polishing of otoliths
mounted on 1" glass slide:
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- Sand-paper of 4 different grit sizes including 400 grit, 1200 grit, 1500 grit and
2000 grit;
- A plywood of nearly 30cm by 30cm and at least 1cm thick to be used as a
polishing stand;
- At least 4 pieces of plywood or Plexiglas of 10cm by 3cm and at least 0.5cm
thick and use rubber cement (optional) to affix pieces of 4 different grit size sandpapers;
- A roll of paper towel with a cup/bowl half full with water (replaced more
frequently as more debris accumulate);
- An Electron Microscopy Diatome 8” (Fisher Scientific) polishing cloth;
Once mounted on a glass slide and glued with a softened SPI (2SPI) Crystalbond
with the dorsal surface also call antirostrum facing up, the otolith was placed on plywood,
holding glass stable by grasping its edges and surface. A 400 grit sand-paper was first
used to polish through extra resin before reaching the otolith surface in the case of small
otoliths when nearly 2mm of resin material was kept when sectioning. In cases when
otoliths are directly mounted on the glass slide without being embedded, a wet 1200 grit
sand paper was used to start polishing on the dorsal surface of the otolith to remove just
enough superficial materials to allow for the first growth rings to start being exposed by
regularly wiping the mounted otolith slide with wet paper towel or rinsing in water, and
checking the polishing progress under the microscope. The same wet 1200 grit sand
paper and the same procedure were also used to polish the embedded otoliths once the
otolith surface was exposed with the 400 grit paper. Depending on the size of the otolith,
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a final polishing was performed starting with the 1500 grit sand-paper (for large and thick
otoliths), completed with the 2000 grit sand-paper and regularly wiping the slide with the
mounted otolith with wet paper towel or rinsing in water. In both cases of small and
large otoliths, the progress should be regularly checked when polishing by observing the
otolith under the microscope and stop as soon as enough rings become exposed and just
before they disappear as a consequence of over-polishing. In a few cases, the resulting
otolith microstructure was exposed for reading of the growth rings without a need to be
flipped for further polishing on the opposite surface (ventral). In the case when the
otolith required flipping and polishing on the opposite side (the interior or ventral), the
same process as described with the use of finer grit papers (1200, 1500 and 2000) was
followed until the best exposure of the otolith core and the increment rings. During the
polishing process, the glass slide was maintained stable and parallel on the polishing
board and the grit paper was hold parallel to the otolith surface while polishing in smooth
circular motion. To complete the polishing process, a small amount of polishing alumina
powder (Electron Microscopy Diatome polishing alumina powder Alpha type DX) was
poured on the Electron Microscopy Diatome polishing cloth, mixed with water to make a
smooth paste and the polished otolith was placed on the polishing cloth and polished in
smooth circular motions by grasping the glass slide parallel to the polishing cloth and
maintaining a gentle pressure. The final polishing with the aluminum powder and the
polishing cloth should not take more than 2 minutes and then the polished otolith was
thoroughly rinsed, dried with paper towel and stored, labeled and stored in a slide saver
box for reading.
255

IV.4.7. Otolith microstructure readings and growth increment/ring counts for fish
aging

When being polished and the desired polishing was achieved, photographs of
otoliths were taken under an Olympus DP25 video microscope with adjustable
transpiercing light source (more convenient for smaller and medium size otoliths) or an
Olympus SZ61 video microscope with both adjustable transpiercing and reflecting light
sources (suitable for large otoliths), connected with a desktop computer using cellSens
Standard software (Olympus 2010). A calibration test of the microscopes was performed
for further measurements of the increment widths and each otolith photograph included a
reference scale bar and other details about the magnifying zoom and lens used.

However, with an exception of the two species of Mormyridae, namely
Marcusenius monteiri and Mormyrops anguilloides for which the thickness of the otoliths
combined with their particular morphology were not suitable, the best photographs of
otoliths for the 5 other fish species were taken with the Infinity video-microscope 35-0802-000, 0.6x\120 FL by Qioptiq using Image-Pro Insight Version 8.0 for Windows,
usually after further polishing following the same procedure as described above.
Depending on the size of the otolith, the video-microscope was calibrated based on four
magnification lenses from 0.28 (1x20), 0.50 (1x50), 1.0 (1x100) to 1.5 (1x150), and due
to the large size of otoliths, pictures were taken using the tailing tool available in ImagePro Insight to obtain the complete otolith or the full complement of growth rings to age
the fish. The tailing tool was very useful for allowing several small pictures (between 10
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to nearly 100) to be merged and saved as a single high resolution image in GIF format
containing all the detailed metadata such as the magnification used, the scale, date and
time and other imagery details. A series of pictures of the same otolith were taken from
at least two different magnifications, including on for a full otolith and several others for
different areas from the core to the edge and saved for further readings (see Fig.IV.14).

In order to allow for an accurate reading, each series of pictures was examined
and the best otolith picture was identified for microstructure reading, including growth
rig count and increment measurement.

IV.4.8. Data analysis

IV.4.8.1. Fish age class distribution based on polished otolith growth rings

After a few photo processing for image quality improvement, growth rings were
counted and the increments as represented by the size of the gap between two distinct
growth rings were measured and stored in an Excel spreadsheet. The increment
measurements were used to generate a “stacked line” plot for each individual fish. A
meticulous investigation of the size of the increments in line with the patterns of the
growth rings on the image and the rainfall data allowed to depict fast vs slow growing
trends in fish growth and then aging. The increments were plotted and read backward
using the date when the individual fish being aged was harvested as a starting point
starting from the last ring at the edge of the otolith all the way through the first noticeable
ring near the core and double checked in the opposite direction on the image. When
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possible, the results were compared with the published species size at age from similar
regions for consistency.

For publication, the numbers of rings will be crosschecked between 3 different
readers and reader’s error will be provided as a percentage of difference between readers.

The fish size at age estimates from the otolith reading was used to estimate the
overall fish population structure for the 7 focal species across the study stretch of the
Sangha River based on measurement data from the fishers’ mixed gear survey.

IV.4.8.2. Estimating the von Bertalanffy growth model parameters

For each of the target fish species, an attempt was made to fit the von Bertalanffy
growth curve, which implies that the growth rate (dL/dt) declines linearly with length
until some theoretical maximum length or weight is reached, and the closer the length
gets to the maximum, the slower the rate of size change will be (von Bertalanffy 1951;
Pitcher & Hart 1983; Hamre et al. 2014).

The von Bertalanffy growth model is of the form
Lt = L∞ (1- e – k (1- t0))
Where:

- Lt is the length at time t;
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- L∞ (L infinity) is the asymptotic length, the mean length the fish of a given
species or population would reach if they were to grow indefinitely;
- K is the growth rate parameter, or the rate at which L∞ is approached,
equivalent to the slope of the trend (regression) line connecting the points at the
first age at length and age at L∞;
- t0 the age of the fish at zero length if it had always grown in a manner described
by the equation (hypothetical age (in years or months) the fish would have had at
zero length)
In order to remain consistent with the contextual population being studied and in
the absence of verifiable baseline data from the study area and limited sample-size with
individual fishes of only a few age classes represented, the following conservative
reference maximum standard length of individual fish reported across the three survey
phases (multi-mesh Gillnet, fishers ‘mixed gear and otolith extraction) was used as L∞
for the von Bertalanffy growth model:

-

Citharinus gibbosus, L∞ = 64cm (see fishers’ mixed gear survey);

-

Clarias buthupogon, L∞ = 50cm (see fishers’ mixed gear survey);

-

Distichodus fasciolatus, L∞ = 65cm (see fishers’ mixed gear survey);

-

Hydrocynus forskahlii, L∞ = 77cm (see fishers’ mixed gear survey);

-

Marcusenius monteiri L∞ = 47cm (see fishers’ mixed gear survey);

-

Mormyrops anguilloides L∞ = 105cm (see fishers’ mixed gear survey);
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-

Schilbe grenfelli, L∞ = 45cm (see fishers’ mixed gear survey)

The partial estimate of growth rate parameter K, or the rate at which L∞ is
approached for each species was computed using the L Ford-Walford Plot procedure
(Ford 1933; Walford 1946) as described by Pauly (1984) and briefly presented below.

However, due to the sample-size limitation of the data as explained above, I was
not able to compute the age of the fish at zero length t0 and therefor to fit the von
Bertalanffy growth model.

IV.4.8.3. Estimating fish growth rate

For each species, L Ford-Walford Plot was constructed plotting the fish length at
a given age Lt against fish length the next age (month in this case) Lt+1 and so on. The
slope (b) of a simple or Type I linear regression line fitted with the L Ford-Walford Plot
was used to compute a Geometric Mean slope (b’) of the Type II or Functional regression
in order to remove the induced biased when plotting on both axes (x and y) values from
the same date that are measured with the same error (i.e. Lt vs. Lt+1) using the following
formula:

b’= b/r2

The partial estimate of growth rate parameter K’ was then computed as the
Negative-Natural Logarithm using the formula proposed by Walford (1946):
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K’= -[Ln(d’)/D]

Where D is the “surface factor” for the length at age expressed as the slope minus
the intercept of the L Ford-Walford Plot, D = b-a

IV.5. Results
Overall, sub-annular growth rings were observed, especially near the core of the
otolith. the growth rings on larger fish otoliths were typically characterized by a series of
tight rings similar to daily growth rings separated by much pronounced and deeper rings
(equivalent to annuli in older fishes) depicting transitions between growing events.
However, pronounced and deeper increment rings were present even on younger fish
otoliths and therefore the focus of microstructure readings as these tended to remain
noticeable far from the core throughout the edge where the “tight daily growth”
increments/rings were getting less noticeable or absent in most cases. There was an
overall similar pattern for both deeper rings and “tight daily growth” increments/rings
showing periods of fast growth as depicted with wider rings overlapping with periods of
slow growth as depicted by shorter growth increments/rings (see Fig.IV.15). The pattern
of wider rings alternating with shorter rings was a key factor in linking fast and slow
growing months for each individual fish with rainfall patterns during the otolith
microstructure reading and fish aging.

IV.5.1. Estimates of Citharinus gibbosus growth and age class distribution from the
otolith microstructure readings and fisheries dependent data
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Out of the 21 individual Citharinus gibbosus fishes sampled, only 19 were
successfully processed for otolith microstructure readings ranging from 10.2cm SL and
28g to 28.6cm and 750g (Fig.IV.16), although the majority of sampled fishes were
smaller than 33cm SL and weighing less than 450g (Fig.IV.16).

A clear seasonal growth pattern in all C. gibbosus individual fishes at least 12
months or older, with slow growth during dry months and fast growth during rainy
months (Fig.IV.17). However, C. gibbosus individuals tended to grow at a nearly
constant rate at least up to the sampled age and size with only a slight decrease in fishes
10 months and older (Fig.IV.18).

Overall, the sampled Citharinus gibbosus were young with the majority aging less
than 15 months old (Fig.IV.18) with only a single oldest fish estimated to be nearly 34
months old (nearly 3 years). C. gibbosus fishes tended to grow nearly constantly but at a
relatively slow rate in length and weight at least up to nearly 21 months old (Fig.IV.18),
as strongly supported by a significant but fairly low linear increase (R² = 0.599) in length
with fish age portrayed by the L Ford-Walford Plot (Fig.IV.19). However, there was not
enough data to tell whether fish growth reached a plateau before or after 3 years.

The computed simple or Type I linear regression line slope b= 0.7478, a
Geometric Mean slope of the Type II or Functional regression b’= 1.247, the partial
estimate of growth rate parameter for the sampled C. gibbosus was K’= 0.0949.
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At least 55% of C. gibbosus harvested by fishers during the 2010-2012 mixedgear (creel) survey was found within the 10-15cm length-class and therefore aging 11month or younger probably immature (Fig.IV.20a) with an overwhelming majority
(nearly 97%) weighing under 500g and therefore most likely under 2-year old
(Fig.IV.20b). Making in average nearly 72% in average of younger probably immature
C. gibbosus harvested by fishers.

IV.5.2. Estimates of Clarias buthupogon growth and age class distribution from the
otolith microstructure readings and fisheries dependent data

A total of 13 individual Clarias buthupogon fishes were sampled for otolith
microstructure readings all under 500g and 36.5cm SL with the high majority between 17
and 23 cm SL weighing less than 110g (Fig.IV.21).

There was a clear seasonal growth pattern as see in older C. buthupogon fishes
over one year with slow growth during dry months and fast growth during rainy months
(Fig.IV.22). However, C. buthupogon individuals tended to grow at a nearly constant
rate until they reach 2 years old and around 30-35cm SL when they probably became
sexually mature (Fig.IV.22b).

The two oldest Clarias buthupogon fishes in the sample were estimated to be just
around 2-year (25-26 months) old with the high majority of fishes under 20-month old
(Fig.IV.23). However, it was very hard to tell whether fish growth reached a plateau both
in length and weight after they reach their potential maturity around 2-year old and
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beyond due to lack of data, despite a nearly constantly faster growth among younger
fishes (Fig.IV.23). This nearly constantly faster growth trend was strongly supported by
a significantly high linear increase (R² = 0.8714) in length with fish age portrayed by the
L Ford-Walford Plot (Fig.IV.24).

Nearly half (more than 45%) based on the length at age and more than half (60%)
based on weight at age estimates making nearly 53% in average of C. buthupogon fishes
harvested by fishers in the studied stretch of the Sangha River during the 2010-2011
fishers’ mixed gear (creel) survey were under 1-year old, and therefore had not reached
their probable age of sexual maturity at around 2 years old (Fig.IV.25).

IV.5.3. Estimates of Distichodus fasciolatus growth and age class distribution from
the otolith microstructure readings and fisheries dependent data

A total of 21 individual Distichodus fasciolatus fishes were sampled for otolith
microstructure readings. Amongst the sampled D. fasciolatus fishes, only one individual
was exceptionally large with 58.5cm SL weighing 6210g, in addition to one individual
with 41.5cm wand 2090g and another one with 34.8cm and 1070g, the remaining fishes
were all under 34cm SL and weighed less than 1000g (Fig.IV.26).

A clear seasonal growth pattern was noticeable in individual D. fasciolatus fishes
over one year with slow growth during dry months and fast growth during rainy months
(Fig.IV.27).
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The oldest D. fasciolatus fish in the sample was estimated to be just above 6-year
(79 months) old and the next older fishes were estimated to be respectively 2-year and
16-month (Fig.IV.28). However, the high majority of D. fasciolatus fishes were under 1year old and it was very hard to tell whether fish growth reached a plateau both in length
and weight after they reach their potential maturity around 2-year old and beyond due to
lack of data, despite a nearly constantly faster growth among younger fishes slightly
above 24 months of age (Fig.IV.28). This constantly faster growth trend was strongly
supported by a significantly high linear increase (R² = 0.9105) in length with fish age
portrayed by the L Ford-Walford Plot (Fig.IV.29).

Without taking into account the oldest fish, the computed simple or Type I linear
regression line slope b= 0.806, a Geometric Mean slope of the Type II or Functional
regression b’= 0.885, the partial estimate of growth rate parameter for the sampled D.
fasciolatus was K’= 0.122 (D value was 1 for individual under 35cm length).

Overall, an extrapolation from the polished otolith microstructure reading
revealed that between 65% (based on individual SL) and 95% (based on individual
weight) making nearly 80% in average of the of D. fasciolatus fishes harvested by fishers
in the studied stretch of the Sangha River during the 2010-2011 fishers’ mixed gear
(creel) survey were under 20 months old and potentially immature (Fig.IV.30).

IV.5.4. Estimates of Hydrocynus forskahlii growth and age class distribution from
the otolith microstructure readings and fisheries dependent data
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A total of 19 H. forskahlii fishes were sampled for otolith microstructure readings
ranging from 14.5cm SL and 35.6g to 63.5cm and 3620g (Fig.IV.31).

The high

majority of sampled fishes were 37cm SL and smaller weighing less than 750g
(Fig.IV.31).

The sampled H. forskahlii individuals tended to grow at a nearly constant rate
until they reach 2 years old and around 37cm SL when they probably became sexually
mature. However, with an exception of individual under a year old, there was a clear
seasonal growth pattern in older fishes with slow growth during dry months and fast
growth during rainy months (Fig.IV.32).

Note: The average increment allowed for weighted estimate of the magnitude of
increments through varying time intervals and was preferred against the total increments
measurements

There was only one individual H. forskahlii fish estimated to be more than 6-year
(69 months) old with the high majority of fishes under 35-month old. H. forskahlii
fishes tended to grow nearly constantly in length and weight at least up to nearly 2-yearold (Fig.IV.33). This trend was strongly supported by a significantly high linear increase
(R² = 0.9648) in length with fish age portrayed by the L Ford-Walford Plot (Fig.IV.34).
However, it was hard to tell whether fish growth reached a plateau before or after 6 years
due to lack of data.
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The computed simple or Type I linear regression line slope b= 0.9303, a
Geometric Mean slope of the Type II or Functional regression b’= 0.9642, the partial
estimate of growth rate parameter for the sampled H. forskahlii was K’= 0.049.

An extrapolation from the polished otolith microstructure reading revealed that
between 55% based on the length at age and 85% based on weight at age estimates of H.
forskahlii fishes harvested by fishers in the studied stretch of the Sangha River during the
2010-2011 fishers’ mixed gear (creel) survey were under 20 months old, and therefore
had not reached their probable age of sexual maturity of nearly 2 years old (Fig.IV.35).

IV.5.5. Estimates of Marcusenius monteiri growth and age class distribution from
the otolith microstructure readings and fisheries dependent data

A total of 10 Marcusenius monteiri fishes were sampled for otolith microstructure
readings ranging from 19.5cm SL weighting 70g to 37.4cm and 36.7cm weighting
respectively 460g and 610g (Fig.IV.36).

There were only one individual M. monteiri fish estimated to be more than 3-year
(39 months) and two others 15 and 16 months old, and the remaining fishes aged 7-12
months old (Fig.IV.37). Overall, individual M monteiri fishes sampled for otolith
microstructure readings tended to be much larger than the ones harvested during the
2010-2011 fishers’ mixed gear (creel) survey.
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Overall, individual M. monteiri fishes harvested during the 2010-2011 fishers’
mixed gear (creel) survey were small and young. An extrapolation from the otolith
microstructure reading revealed that an overwhelming majority ranging between 60%
based on the length at age and more than 95% based on weight at age estimates of M.
monteiri fishes harvested by fishers in the studied stretch of the Sangha River during the
2010-2011 fishers’ mixed gear (creel) survey were under 12 months old, and therefore
did not reach their probable age of sexual maturity of nearly 2 years old (Fig.IV.38).

IV.5.6. Estimates of Mormyrops anguilloides growth and age class distribution from
the otolith microstructure readings and fisheries dependent data

A total of 16 individual Mormyrops anguilloides fishes were sampled for otolith
microstructure readings. Amongst the sampled M. anguilloides fishes, only one
individual was exceptionally large with 105cm SL and 6500g, in addition to a fairly large
individual with 76.3cm and 3270g and two others with respectively 68.7cm and 2120g
and 60.2cm SL and 1600g (Fig.IV.39).

Overall, the high majority of M. anguilloides fishes in the sample were at least 1year old with only two individuals estimated to be nearly 9-month old (Fig.IV.40). The
oldest M. anguilloides fish in the sample was estimated to be just nearly 5-year (59
months) old and the next older fishes were estimated to be respectively 3-year, 2.33-year
(28 months) and 2-year old (Fig.IV.40).
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An extrapolation from the polished otolith microstructure reading revealed that
more than 85% based on individual SL and more than 70% based on individual weight of
the of M. anguilloides fishes harvested by fishers in the studied stretch of the Sangha
River during the 2010-2011 fishers’ mixed gear (creel) survey were under 15 months old
and potentially immature (Fig.IV.41).

IV.5.7. Estimates of Schilbe grenfelli growth and age class distribution from the
otolith microstructure readings and fisheries dependent data

A total of 17 individual Schilbe grenfelli fishes were sampled for otolith
microstructure readings. Amongst the sampled S. grenfelli fishes, only one individual
was fairly large with 30.7cm SL and 450g, in addition to two individuals with
respectively 26.4cm and 190g and 24.6cm weighing 190g (Fig.IV.42).

The oldest S. grenfelli fish in the sample was estimated to be just 2-year old and
the next older fishes were estimated to be around 14-month old (Fig.IV.43). An
overwhelming majority of sampled S. grenfelli fishes were under 8-month and as young
as 3-month old.

Overall, an extrapolation from the polished otolith microstructure reading
revealed that between 80% (based on individual SL) and 75% (based on individual
weight) of S. grenfelli fishes harvested by fishers in the studied stretch of the Sangha
River during the 2010-2011 fishers’ mixed gear (creel) survey were under 12 months old
and potentially immature (Fig.IV.44).
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IV.6. Discussion

Even without many prohibitive fishing techniques reported during the creel
survey and none during the short survey in 2014 for otolith extraction, fisheries catches
are predominantly made of smaller immature fishes. Moreover, this multi-species study
provided a handful of useful information needed to understand the fish population
structure and potentially individual growth, which provide a solid baseline for sustainable
management and further studies, in particular by combining species from different
families with totally different reproductive and feeding strategies.

With significant variations in food availability and quality, induced stress from
high fluctuation in water quality usually from human activities and fishing pressure, fish
size is expected to significantly vary among individuals of the age for the same species
even within the same community (Amara & Lagardère 1995; Borrell 2013; Hamre et al.
2014). This explains why it is critically important to use accurate age determination
procedures to guide effective management decisions about fisheries sustainability
because smaller fishes are not necessarily the youngest or immature compared to larger
ones (Borrell 2013). However, most of the maturation phases in fishes are usually
correlated with body-size and for instance their sexual maturity may be delayed or
accelerated depending on whether the individual fish reaches their minimum size
requirement for that key process earlier or later (Amara & Lagardère 1995).
Nevertheless, unlike in farmed fishes and in the cases of severely depleted fisheries, wild
fishes are known for growing slower and usually faster at younger age until the growth
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slows down in early maturity until it reaches an asymptote as supported by experimental
studies on Atlantic cod for instance (Karlsen et al. 2006) and other species. Aging
techniques involving otolith increment readings have been widely used for most fisheries
on Ocean and freshwater fishes across the northern Hemisphere with accurate and
powerful growth model developed from the Beverton & Holt (B&H) model with the
legendary von Bertalanffy growth function being one of the most popular and more
recently developed (Hamre et al. 2014).

Harvesting a high proportion of young immature individuals has been reported to
significantly affect species recruitment rates and fish population viability, which in longterm will turn into a significant reduction in fish biomass and lower Catch Per Unit Effort
(Borrell 2013). Despite the lack of historical data with which to compare the trend in
fishers’ catch and variation in individual fish size for the focal species, as well as for the
entire freshwater fish community of the Sangha River, findings from this study provide
strong evidence that the Sangha Tri National fisheries is likely not sustainable with small
size of fishes being harvested in addition to nonconventional and prohibitive fishing
techniques being used. Further research should also focus on life history of the key
species in order to precisely understand their age at first maturity and possible trends over
time in addition to the potential drivers of population dynamics, including assessment of
gonad maturity.

Although all of the 7 focal fish species were literally not the top species of
economic value in the study region, they provided a good representation of the overall
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freshwater fish community of the Sangha River for being amongst the most favored fish,
including at least three fast growing and large body-sized species such as Hydrocynus
forskahlii, Distichodus fasciolatus and Mormyrops anguilloides and two fairly large-body
sized and slow growing species such as Citharinus gibbosus and Clarias buthupogon.
Species sample size was driven by the availability of species due to variation in
abundance and/or catchability. Changing habitat types, water quality and fishing effort
may influence results as species likelihood of capture varies and introduces biases that
are found in any fisheries-dependent data both over time and space. Systematically
targeting species and individual age-classes is frequently seen in sampling designs.
Opportunistic sampling was usually used relying on random catchability of the local
fisheries. Several nonconventional and prohibitive fishing techniques that can kill
multiple fish species of all size including juveniles and other freshwater living organisms
exits, including fish poisoning (ichthyotoxin), mosquito net-like fishing gears and
pumping out water from natural fish pond after creating a mud dam are commonly used
by local fishers. These prohibitive fishing techniques are usually unreported and hard to
be quantified. Multiple years of surveys including fish measurements and otolith
extraction across the study area would be required to capture enough information on
changes in the fish community structure and variability, including trends in fish
harvesting and potential impacts on the resources and environmental parameters such as
flow. This study used otoliths from fishes that were already harvested and therefore did
not require any additional killing or “sacrifice” from the fish community. This provides
an incentive to look for non-lethal but accurate fish aging techniques including scales,
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opercula bones, vertebrates or pectoral fin ray over otoliths that require the individuals to
get killed prior to the extraction. Structures such as scales over time (Rifflart et al. 2006)
in combination with other biological and environmental variables have been shown to
provide crucial information to fisheries conservation and biology but suffers limitations
in accuracy, particularly of older fishes (Taubert & Coble 1977). For a quick population
age structure assessment where a certain level of accuracy can be guaranteed, and further
when using the appropriate quality control and validation techniques such as average
percent errors or coefficient of variation, otoliths are preferred (Campana 2001). The lab
processing technique used here are just one of many techniques available and being used
by other researchers. However, disagreements of varying magnitude have been found for
instance by Gerber et al. (2009) on Lapilli of Hydrocynus vittatus showing that the
number of growth rings and therefore estimates of fish age were significantly lower from
whole otoliths than sliced otoliths.

Findings from this study are crucial both for further research focusing on single
species of economic value as well as for the whole fish community of the Sangha River
and beyond. Fish measurements combined with gonad investigation are still being used
across the region to study age at maturity, they fail in establishing robust population ageclass distribution and individual growth rate, unless they are combined with additional
information from calcified structures that produce periodic growth increments useful for
age determination such as otoliths in this study.
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By combining fisheries-dependent measurement data with growth increment
analysis on fish otoliths, I was able to better understand at least partially the population
structure of the seven harvested species.

These findings are the first for the overall fisheries of the Sangha Region and will
provide strong basis for both further detailed and long-term research as well as for
sustainable management of the Sangha Tri-National fisheries and other data-poor
freshwater fisheries.

IV.7.
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IV.8. Tables and figures
Table IV.1. Number and types of otoliths extracted from the seven (7) target fish
species. Numbers in parentheses represent the number of otoliths processed and
used for the aging of the species
Lapillus
Species/number of individual
Asteriscus
fishes sampled
(plurial asterisci) (plurial lapilli)
Citharinus gibbosus /22
34 (25)
2 (2)
Clarias buthupogon /13
20 (15)
Distichodus fasciolatus / 23
37 (27)
Hydrocynus forskahlii / 19
32 (18)
Marcusenius monteiri / 10
1 (0)
19 (12)
Mormyrops anguilloides /16
1 (0)
32 (18)
Schilbe grenfelli /17
33 (21)

Sagitta (plurial
sagittae)
4 (2)
7 (1)
5 (5)
4 (3)

Figure IV.1. Citharinus gibbosus (Boulenger, 1899) harvested by fishers on the
Sangha River during the survey for otolith removal in July-august 2014. For real
size, use the pen as a bar scale=176mm. Photo by Patrick Boundja
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Figure IV.2. Clarias buthupogon (Sauvage, 1879) harvested by fishers on the Sangha
River during the survey for otolith removal in July-august 2014. For real size, use
the pen as a bar scale=166mm. Photo by Patrick Boundja
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Figure IV.3. Distichodus fasciolatus (Boulenger, 1898) harvested by fishers on the
Sangha River during the survey for otolith removal in July-august 2014. For real
size, use the pen as a bar scale=176mm. Photo by Patrick Boundja
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Figure IV.4. Hydrocynus forskahlii (Cuvier, 1819) harvested by fishers on the
Sangha River during the survey for otolith removal in July-august 2014. For real
size, use the pen as a bar scale=176mm. Photo by Patrick Boundja

Figure IV.5. Marcusenius monteiri (Günther, 1873) harvested by fishers on the
Sangha River during the survey for otolith removal in July-august 2014. For real
size, use the pen as a bar scale=176mm. Photo by Patrick Boundja
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Figure IV.6. Mormyrops anguilloides (Linnaeus, 1758) caught by fishers on the
Sangha River during the survey for otolith removal in July-august 2014. For real
size, use the pen as a bar scale=176mm. Photo by Patrick Boundja

Figure IV.7. Schilbe grenfelli (Boulenger, 1900) harvested by fishers on the Sangha
River during the survey for otolith removal in July-august 2014. For real size, use
the pen as a bar scale=166mm. Photo by Patrick Boundja
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Figure IV.8. Field extraction of Hydrocynus forskahlii otoliths (Asteriscus)

Figure IV.9. Otoliths recently extracted from Mormyrus sp. and ready to be rolled
and stapled in a labeled paper. The unique ID on the label refers to the 10th otolith
of July 21st, 2014 at Kabo logging town
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Figure IV.10. Preparation of otolith for future embedding, polishing and reading of
microstructure. A light micrometer caliper is being used for the measurement of
Mormyrops anguilloides otoliths’ Lapilli) maximum length, width and depth in mm
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Figure IV.11. Embedding molds with fish otoliths covered in medium hardness and
low viscosity formulation resin and ready to be placed to harden in an oven at 60 oC

Figure IV.12. Sectioning of embedded otolith with the Isomet slow cutting saw
station
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Figure IV.13. Embedded and sectioned otoliths stored in the clear 1.5mL
Polypropylene micro centrifuge tubes with lid, together with their printed labels
with the unique ID and other details
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Figure IV.14. Pictures of the same Schilbe grenfelli Sagitta taken from two different
magnifications. A full sagittae was taken from a 0.28 (1x20) magnification lens (a)
and a section of the same otolith was taken from a 1.5 (1x150) magnification lens (b).
The red dashed line on the full otoliths on picture a depicts the area covered by the
section on picture b (continued onto next page)

(a)
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(b)
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Figure IV.15. A photo capture of a polished Lapillus otolith of a Hydrocynus
forskahlii individual approximately 8 months old. The otolith microstructure
revealed up to 222 “daily” growth increments overlapping with pronounced and
deeper rings showing periods of fast and slow growth as depicted by the red arrows
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Figure IV.16. Scatter plot of Citharinus gibbosus fish weight against standard length
sampled for otolith microstructure analysis (N=19 individual fishes)
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Figure IV.17. Growth ring increments of a 21 months (nearly 2 years) old, 23.3cm
SL and 420k individual Citharinus gibbosus fish, showing an overall trend based on
ring counts (a), and a seasonal trend (b) (continued onto next page)
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Figure IV.18. Length at age and weight at age curves of Citharinus gibbosus based
on polished otoliths microstructure readings (N=19 individual fishes)

Figure IV.19. L Ford-Walford Plot of Citharinus gibbosus sampled for otolith
microstructure readings (N=18 individual fishes). Note the only one largest fish far
away from the data-cloud was considered an “outlier” and left out from this plot
due to a large age gap with the rest of the sample
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Figure IV.20. Age-class structure of Citharinus gibbosus harvested from the Sangha
River during the 2010-2011 fishers’ mixed gear (creel) survey based on length at age
(a) and weight at age (b) extrapolation from the polished otolith microstructure
reading
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(b)
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Figure IV.21. Scatter plot of Clarias buthupogon fish weight against standard length
sampled for otolith microstructure analysis (N=13 individual fishes)
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Figure IV.22. Growth ring increments of a 23 months (nearly 2 years) old, 35.8cm
SL and 750g individual Clarias buthupogon fish, showing an overall trend based on
ring counts (a), and a seasonal trend (b)
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Figure IV.23. Length at age and weight at age curves of Clarias buthupogon based
on polished otoliths microstructure readings (N=13 individual fishes)

Figure IV.24. L Ford-Walford Plot of Clarias buthupogon sampled for otolith
microstructure readings (N=13 individual fishes)
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Figure IV.25. Age-class structure of Clarias buthupogon harvested from the Sangha
River during the 2010-2011 fishers’ mixed gear (creel) survey based on length at age
(a) and weight at age (b) extrapolation from the polished otolith microstructure
reading
(a)
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Figure IV.26. Scatter plot of Distichodus fasciolatus fish weight against standard
length sampled for otolith microstructure analysis (N=21 individual fishes)
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Figure IV.27. Growth ring increments of a 24 months (2 years) old, 41.5cm SL and
2090g individual Distichodus fasciolatus fish, showing an overall trend based on ring
counts with a third period moving average trend shown with the dashed line (a), and
a seasonal trend (b)
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Figure IV.28. Length at age and weight at age curves of Distichodus fasciolatus
based on polished otoliths microstructure readings (N=21 individual fishes)

Figure IV.29. L Ford-Walford Plot of Distichodus fasciolatus sampled for otolith
microstructure readings (N=20 individual fishes). Note the only one largest fish far
away from the data-cloud was considered an “outlier” and left out from this plot
due to a large age gap with the rest of the sample
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Figure IV.30. Age-class structure of Distichodus fasciolatus harvested from the
Sangha River during the 2010-2011 fishers’ mixed gear (creel) survey based on
length at age (a) and weight at age (b) extrapolation from the polished otolith
microstructure reading
(a)

(b)
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Figure IV.31. Scatter plot of Hydrocynus forskahlii fish weight against standard
length sampled for otolith microstructure analysis (N=19 individual fishes)
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Figure IV.32. Growth ring increments of a 23 months (nearly 2 years) old, 35.8cm
SL and 750k individual Hydrocynus forskahlii fish, showing an overall trend based
on ring counts (a), and a seasonal trend (b)
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Figure IV.33. Length at age and weight at age curves of Hydrocynus forskahlii based
on polished otoliths microstructure readings (N=19 individual fishes)
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Figure IV.34. L Ford-Walford Plot of Hydrocynus forskahlii sampled for otolith
microstructure readings (N=18 individual fishes). Note the only one largest fish far
away from the data-cloud was considered an “outlier” and left out from this plot
due to a large age gap with the rest of the sample
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Figure IV.35. Age-class structure of Hydrocynus forskahlii harvested from the
Sangha River during the 2010-2011 fishers’ mixed gear (creel) survey based on
length at age (a) and weight at age (b) extrapolation from the polished otolith
microstructure reading
(a)

(b)
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Figure IV.36. Scatter plot of Marcusenius monteiri fish weight against standard
length sampled for otolith microstructure analysis (N=10 individual fishes)
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Figure IV.37. Length at age and weight at age curves of Marcusenius monteiri based
on polished otoliths microstructure readings (N=10 individual fishes)
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Figure IV.38. Age-class structure of Marcusenius monteiri harvested from the
Sangha River during the 2010-2011 fishers’ mixed gear (creel) survey based on
length at age (a) and weight at age (b) extrapolation from the polished otolith
microstructure reading
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Figure IV.39. Scatter plot of Mormyrops anguilloides fish weight against standard
length sampled for otolith microstructure analysis (N=16 individual fishes)
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Figure IV.40. Length at age and weight at age curves of Mormyrops anguilloides
based on polished otoliths microstructure readings (N=16 individual fishes)

Figure IV.41. Age-class structure of Mormyrops anguilloides harvested from the
Sangha River during the 2010-2011 fishers’ mixed gear (creel) survey based on
length at age (a) and weight at age (b) extrapolation from the polished otolith
microstructure reading (continued onto next page)
(a)
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Figure IV.42. Scatter plot of Schilbe grenfelli fish weight against standard length
sampled for otolith microstructure analysis (N=17 individual fishes)
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Figure IV.43. Length at age and weight at age curves of Schilbe grenfelli based on
polished otoliths microstructure readings (N=17 individual fishes)

Figure IV.44. Age-class structure of Schilbe grenfelli harvested from the Sangha
River during the 2010-2011 fishers’ mixed gear (creel) survey based on length at age
(a) and weight at age (b) extrapolation from the polished otolith microstructure
reading
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CHAPTER V

USING CLASSIFICATION AND REGRESSION TREE "CART" TO PREDICT
THE MOST LIKELY SPECIES-FISHING TECHNIQUE MEMBERSHIP BASED
ON FISHERIES-DEPENDENT CATCH PER UNIT EFFORT (CPUE) FOR 7
TARGET SPECIES OF ECONOMIC VALUE IN THE SANGHA RIVER,
SANGHA TRI-NATIONAL CONSERVATION LANDSCAPE

V.1. Abstract

Catch Per Unit Effort was computed for 7 fish species with recognized economic
value in the local fisheries for the common fishing techniques from the 2007-2008
fishers’ creel survey carried out along the 400km stretch of the Sangha River located in
the Sangha Tri-National Conservation landscape. Classification and Regression Tree
(CART) was performed for a recursive partitioning of the variance in these 7 focal
species CPUE to portray or describe and predict the most likely memberships between
each species and the commonly used fishing techniques. Results from the CART based
on a best 5 final node tree with, 41% correct classification rate and Kappa=0.054
suggested that C. gibbosus was the top most important species and was predicted to be
classified for at least a CPUE of 0.00132 with 55% chance in Set Gillnets. The second
most important species was M. anguilloides predicted to be classified for a CPUE of less
or equal to 1.532 with 64% chance in basket-traps. And, the next more important
species were D. fasciolatus and C. buthupogon. In addition to providing a powerful
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classification of fish species with the associated fishing techniques using a recursive
partitioning of the variance in CPUE across fishing sites, the Classification and
Regression Tree made a rigorous prediction of fish species and fishing technique
memberships and for each case, an error-correct classification was computed that could
be used to guide designing both further research and fishing regulations.

V.2. Introduction

Fishing in tropical natural freshwater systems like the Sangha River is fully
artisanal, and local fishers tend to fish yearlong using a variety of gears types including
conventional line-fishing with hooks, Gillnets of large to very small mesh size and even
prohibited gears and fishing techniques to increase their fishing efforts and expect higher
catch. More than two hundred fish species are known to be roaming the Sangha River
(see chapter 1 of this Dissertation), with more or less overlapping niches. Therefore,
creel surveys using fisheries-dependent mixed-gear types data in tropical natural
freshwater systems like the Sangha River resemble a random sampling as individual
fishes of at least two different species and various age-classes are usually caught with the
same fishing gear at a single fishing site during a given fishing party or event (Hilborn &
Walters 1992). However, experienced fishers usually try to maximized their catch by
targeting parts of the rivers empirically known for their potentially high fish density and
if possible with species of high economic value and therefore do not fully choose fishing
sites and gear types gears at random (Hilborn & Walters 1992; Pollock 1994).
Furthermore, the Sangha River, like any other freshwater or natural system is
320

characterized by a combination of short-term variations due to seasons and long-term
variations due to human activities and climate change, level of randomness in fish
movements in addition to the overall fluctuation in fish abundance, selectivity and
catchability of the fishing gears.

This argument provides further supports that

systematic sampling in natural freshwater systems is both costly and ecologically
unrealistic and therefore creel surveys should be considered the ideal sampling technique
for most fish and fisheries studies (Hilborn & Walters 1992; Gotelli & Ellison 2013).

Furthermore, the complexity of dealing with fisheries-dependent data like in the
case of this study comes from the fact that fishers independently use specific fishing
techniques and gears that I consider here as predicting variables with a random numbers
of individual fishes of multiple species and varying size usually sharing the same
habitats, being randomly caught as dictated by both seasonality, site-specific
characteristics and the inherent selectivity of the fishing techniques being used (Gotelli &
Ellison 2013). However, high level of uncertainty takes a significant part in shaping up
and driving the observed patters in natural environment, including freshwaters and has
been taken into account either implicitly or explicitly in current statistical and modelling
procedures like in the case of nonparametric constrained cluster analysis such as
Classification and Regression Tree “CART” (Pielou 1984; De'ath 2002; De'ath &
Fabricius 2000; McGarigal et al. 2000). Constrained cluster analysis in the CART
procedure emphasizes on local structure and interactions between environmental effects
from the predictors to describe and predict major patterns in distribution/occurrence
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among the species being studied and the predictors (Pielou 1984; De'ath 2002; De'ath &
Fabricius 2000; McGarigal et al. 2000). In this study, I used Classification And
Regression Tree (CART) procedure for recursive variance partitioning of the species
Catch Per Unit Effort (CPUE) as a proxy for fish relative abundance (De'ath 2002; De'ath
& Fabricius 2000; McCune et al. 2002; McGarigal et al. 2000) as a non-parametric
procedure, to portraying and predicting species and fishing technique relationships
without making assumptions about the form of relationships between species and their
environment represented in this case by the fishing techniques (Legendre & Legendre
2012; Pielou 1984).

The objective here is to use a recursive variance partitioning of the species CPUE
data and cross-validation procedures in fitting a single tree-like regression that describes
existing similarity and differences (memberships) among 7 focal species, including
Citharinus gibbosus, Clarias buthupogon, Distichodus fasciolatus, Hydrocynus forskahlii
(tiger fish), Marcusenius monteiri (elephant fish), Mormyrops anguilloides (elephant
fish), and Schilbe grenfelli (butter catfish), and the common fishing techniques, despite
the possible subjectivity of the cross-validation due to its being highly data-dependent as
suggested by Breiman (1984). The tree-based classification and regression technique was
chosen amongst many other possible analytical techniques, and intended to taking into
account scientific intuitions to help making robust recommendations for further research
and management of freshwater fisheries in the Region. The recommendation could be
related to the mesh-size restrictions for Gillnets based on the possible effects on fish
322

population structure as revealed by fish measurement data and guide further survey
design with respect to potential selectivity and catchability of certain fishing techniques
for particular species.

V.3. Goal and objectives
This study’s main goal is to describe and predict the most likely memberships
between 7 fish species of economic value and the commonly used fishing techniques by
pursuing the following objectives:

- Choose a set of focal fish species with recognized economic value and the
commonly used fishing techniques;
- Compute Catch Per Unit Effort from the creel survey data for the common
fishing techniques for the focal species;
- Use a recursive variance partitioning of the species CPUE data and crossvalidation procedures by fitting a single tree-like regression to describe and
predict fish species and fishing technique most likely memberships;
- Provide scientific and technical recommendations for further research on fishes
and fisheries and for sustainable management of the Sangha Tri-National
fisheries.

V.4.

Materials and methods

V.4.1. Field data collection
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This study used fish counts data from the 2007-2008 multi-mesh Gillnet survey
and the 2009-2010 fishers’ creel survey from the 400km stretch of the Sangha River,
Sangha Tri-National conservation area.

For study sites and data collection, see chapter I.

V.4.2. Data analysis
Classification and Regression Tree “CART” was performed using the ‘cartware’
R package (Compton 2006) on a dataset form the fishers’ mixed gear (creel) survey with
a sample size of 1402 (fishing sites), to describe and predict the most likely memberships
between the 7 fish species of economic value and the commonly used fishing techniques.

The common fishing techniques as described above will be used as predefined “j”
groups of independent 5 categorical grouping explanatory variables (j1, j2, j3, j4, j5)
including basket-trap (b), drift Gillnet (d), other fishing techniques (o), set Gillnet (s) and
unspecified Gillnet (u). The CPUE of the 7 species of economic value were used as
dependent explanatory variables or classes (i1, i2, i3, i4, i5, i6, i7). The 7 focal fish
species are coded through the analyses as follow: cg for the Citharinus gibbosus CPUE;
cb for the Clarias buthupogon CPUE; df for the Distichodus fasciolatus CPUE; hf for the
Hydrocynus forskahlii CPUE; mm for the Marcusenius monteiri CPUE; ma for the
Mormyrops anguilloides CPUE and; sg for the Schilbe grenfelli CPUE.

V.4.2.1. Testing for collinearity among the explanatory variables
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As supported by the current study, the 7 focal fish species co-occurred across
most parts of the River as they were caught with almost the same techniques at the same
fishing sites. However, there was absolutely no multi-collinearity in the CPUE among
the 7 species as supported by the Pearson product-moment bivariate correlations between
pairwise combinations of variables (fig. IV.1). This is a strong support that the variables
(the 7 fish species in this case) are not correlated with respect to the CPUE but remain
dependent with a nonlinear relationship in the real world. Moreover, this lack of
correlation amongst these 7 focal species provided a strong support that even carnivore
fishes such as Hydrocynus forskahlii have little to no effect on the distribution of
potential prey species such as Citharinus gibbosus, Distichodus fasciolatus and Schilbe
grenfelli in this part of the Sangha River. This further was a strong support to the idea
that the observed differences between fishing sites was most likely related to the random
selectivity of fishing gears and techniques in addition to habitat selectivity of each
species.

A full tree was first grown with the default model as described in the cartware
package documentation (Compton 2006). The classification model performance was
assessed based on the tree size, node impurity, Correct Classification Rate and the
percentage reduction in errors over random assignment expressed as Kappa when running
the model with the default parameters or with priors incorporated in the splitting criteria
or as Tau when running the model with costs incorporated in the splitting criteria.
Splitting criteria were chosen between the ‘Gini’ index and the ‘Information’ index based
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on classification performance and the best index was used in the final classification
procedure.

V.4.2.2. Variance partitioning and tree pruning

The main procedures used in the recursive variance partitioning of the species
data for three pruning include the 10-fold-cross-validation AKA One-Standard-ErrorCross-Validation (1-SE-corss-validation) with the use of ‘pick=TRUE’; the use of priors
or cost as splitting parameters with the “Gini” index and; the reasonable value of the
complexity parameter (cp) plot.

V. 4.2.2.1 Specifying Priors (to be included in the ‘gini’ Index computation)

The Priors represent the probability of a class j case being submitted to the tree.
The consequence of increasing cost of class j increases the relative importance of class j
in defining the best split at each node and therefore increases the probability of class
assignment at terminal node, in other world reduces class j misclassification.

At the current stage of knowledge with not ancillary information about the STN
fisheries system, including the dynamic of its fish community and fishing practices, the
value of priors used were proportional to group sample size derived from the percentage
of each fishing technique in the overall sample size (see Chapter III, Fig.III.1).

However, depending on the class assignment and the efficiency of the
classification from the first option, the second option was used by assign equal prior to
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each group and the results were compared. This second option prevented to give higher
weight to larger groups when giving less chance of being properly classified to smaller
groups.

V. 4.2.2.2 Specifying costs (to be included in the ‘gini’ Index computation)

V. 4.2.2.2.1 Cost option 1

First case, assuming that it would be five times costlier when misclassifying a
fishing site of basket trap and others (groups 1 and 3 respectively) as random site (group
0) than the converse; 3 times costlier when misclassifying a fishing site of drift net (group
2) and set net (group 4) as random site (group 0) than the converse and twice costlier
when misclassifying a fishing site of unspecified nets (group 5) than the converse (Table
V.1).

However, based on the higher percentage of fishing techniques reported as set
net-fishing, it is most likely that most of unspecified net-fishing were set net-fishing.
Therefore, the other option can be to increase by 1 unit the misclassification cost for the
drift net fishing, by 2 units for the set net fishing and leave the misclassification costs for
basket trap, other and unspecified net as in option 1 above. The new costs assignment
was detailed as in option 2 bellow.

V. 4.2.2.2.2 Cost option 2
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Alternatively, it would be five times costlier when misclassifying a fishing site of
basket trap, other and set net (groups 1, 3 and 4 respectively) as random site (group 0)
than the converse; 4 times costlier when misclassifying a fishing site of drift net (group 2)
as random site (group 0) than the converse and twice costlier when misclassifying a
fishing site of unspecified nets (group 5) than the converse (Table V.2).

V. 4.2.2.3 Other tree pruning parameters

In addition to the value of the complexity parameter (cp) plot, two additional
parameters were used to specify the size of the desired tree, namely the “minsplit” and
the ‘minbucket’. The ‘minsplit’ parameter provide control in the minimum number of
observation a given node can contain until any split cannot be possible, while the
‘minbucket’ parameter provide control over the minimum number of observation any
given child node should contain.

V.4.2.3. Fishing Techniques and effort

A total of 1784 (N1) distinct fishing events occurred during the multi-mesh
Gillnet survey in 2007-2008 and 1402 (N2) during the creel survey in 2009-2010 for a
total of 3186 sampling units (N) for the complete 2-year survey.

The non-baited set-net (multi-mesh Gillnet) with 30m length by 2m height and
five different mesh sizes (13mm, 26mm, 38mm, 51mm and 64mm) was the only fishing
technique used during the 2007-2008 survey and the most common (38.2%) out of 10
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different fishing techniques used by fishers during the 2009-2010 survey (see Fig.III.1),
followed by hook (12.2%, all hook sizes used as line-fishing and hanged hooks were
pooled). A part from the set-net, drift net, cast net and mud dam, all fishing techniques
used by fishers usually involved baiting. However, due to the lack of details, 32% of
fishing events using either set-nets or drift-nets were categorized as “unspecified net”.
Moreover, 6 fishing techniques with very few occurrences, including castanets, harpoon,
machete, mesh net traps, mud dam and poison were grouped as “other fishing
techniques” and made up to 1.4% of fishing techniques used by fishers.

Detailed efforts, catches and CPUE are represented in Appendix 2 and a pie-graph
of the percentage of each fishing technique in the sample is shown in Chapter III (see
Fig.III.1).

V.5. Results

Using the default algorithms from the ‘cart ()’ function of the cartware package
with the ‘Gini’ index as splitting criterion on the original dataset, I grew a full bushy
classification and regression tree with 85 leaves and 58% out of 1402 site correctly
classified and a Kappa=0.376 (Fig.V.2). The best split occurred at 8 leave with a crossvalidation minimum+1SE=0.84 and cp 0.01 (Fig.V.2).

However, using the ‘information’ index with the same defaults as above produced
a much bushier full tree with 91 leaves and the same correct classification rate of 57% out
of 1402 site and the same Kappa=0.372 with overall lower variable importance for each
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of the groups. The best split occurred also at 8 leave with the same cross-validation
minimum+1SE=0.84 and cp=0.0144 (Fig.V.3).

Outweighing the increase in tree size with the correct classification rate and
Kappa, there tended to be a potential support in using the “Gini’ index as splitting
criterion for a more robust classification model.

Pruning the tree by changing pick=FALSE to pick=TRUE to run a 10-fold crossvalidation under 100-time resampling by adding ‘smooth=100’ for picking the averagedsized tree, produced an 8-node tree with an overall correct classification rate of 50% and
Kappa=0.244 and total (100%) incorrect classification on group d with an overall high
node impurity as revealed by the frequency of class assignment on the bar-plot of class
membership at each terminal node (Fig.V.4).

Adding priors proportional to each group sample size in the “Gini” index as
specified in the methods section, with the same pruning parameters as in the above run
produced an identical 8-leave tree as above (Fig.V.5), the same overall correct
classification rate (50%) but a slightly higher Tau=0.297 and total (100%) incorrect
classification on group d with a similar frequency of class assignment as previously
characterized by an overall high node impurity as revealed by the bar-plot of class
membership at each terminal node (Fig.V.5).

However, using equal priors for each group (0.20) with pruning option to
pick=TRUE as above produced a pruned tree with 9 final leaves, an overall 39% correct
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classification rate and Tau=0.237 but with still an overall high node impurity as revealed
by the frequency of class assignment on the bar-plot of class membership at each terminal
node (Fig.V.6). This provides a strong support for assigning equal priors for each groups
based on the performance in the pruned tree in terms of tree size and the correct
classification rate across groups.

Adding cost as specified for option 1 in the methods section, with the same
pruning parameters as above produced a pruned tree with 18 leaves, 46% correct
classification rate and Kappa=0.271 and high node impurity as revealed by the frequency
of class assignment on the bar-plot of class membership at each terminal node (Fig.V.7).

However, when using cost as specified for option 2 in the methods section and the
same pruning parameters as above produced a pruned tree with 10 leaves, 44% correct
classification rate and Kappa=0.113 and high but overall decreased node impurity as
revealed by the frequency of class assignment on the bar-plot of class membership at
each terminal node (Fig.V.8).

The value of the complexity parameter (cp) form the above run shown on Fig.V.9
was used to specify pruning at cp=0.0078 to start growing a full tree by leaving out the
10-fold-cross validation splitting criterion, including the same cost option 2 in the ‘Gini”
index, specifying the maximum surrogate value computation at 4 variables, the ‘minsplit’
at 2 to allow splitting the nodes even when they only contain 2 observations and allow the
children nodes to contain a single observation and ‘minbucket’ at 1 allowing children
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nodes to contain a single observation as well. The best pruned tree was produced with 5
final nodes (Fig.V.10), 41% correct classification rate and Kappa=0.054 and total
misclassification in groups d and u. Except for node 3 (s) where only 29% out of 815
observations were correctly classified, there was an overall significant decrease in node
impurity as revealed by the frequency of class assignment on the bar-plot of class
membership at each terminal node (Fig.V.10).

V. 6 Testing the significant of the final classification model

The Monte-Carlo resampling test under 1000 permutations of the classification
results were consistently significant and remained unchanged when running the model
with all the 7 variables (fish species) or with only the four variables that made it to the
final tree with P<0.004 and P<0.001, which show a strong support that the observed
correct classification in the final tree (41%) and Kappa (0.054) were significantly better
than chance alone.

V. 7 Importance of the predictor variables

Set-net fishing came on top of the hierarchy as the most important fishing
technique and was nearly 99% correctly classified in the final best classification tree
(Fig.V.10). The results also suggested a nearly complete incorrect classification on the
unidentified net-fishing techniques (u) that were almost all wrongly classified as set-net
fishing and therefore did not make it to the final best tree (Fig.V.10). The second most
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important fishing technique was basket-traps followed by the group of other fishing
technique predominantly represented by line-fishing (Fig.V.10).

V. 8 Importance of the explanatory variables and membership predictions

The performance of all the dependent variables, in terms of their ability to
distinguish among groups in the classification process was computed as Variable
Importance, given as the normalized quantiles of the sum of change in impurity for each
variable at each node across all nodes (Table V.3).

Schilbe grenfelli (sg) had the top highest variable importance in the full tree
grown with both the Gini Index and the Information Index but lost significantly its
importance across the rest of the classification to end up among the bottom two less
performant variables in the final tree where it could not make it to the final nodes
(Fig.V.10; Table V.3).

Hydrocynus forskahlii (hf) was mildly important in the full tree and the top most
important variable in the two 1-SE-cross validation and pruned trees with cost options 1
and 2 (Table V.3). In the pruned tree with cost option 1 (Fig.V.7), Hydrocynus forskahlii
was predicted (really deep) to make 50% in node 8 as drift net (d) left from 0.4896 but at
the right from this value it was predicted to make 52% in node 9 as set net (s), and higher
up to make 59% in node 15 as drift net (d) left from 0.1153 but only 35% right from this
value in node 16 as set net. In the pruned tree with cost option 2, Hydrocynus forskahlii
was predicted left from 0.4896 to make 50% of drift net (d) in node 5 and right from
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0.4896 to make 53% of set net (s) in node 6 (Fig.V.8). However, H. forskahlii did not
make it to the final nodes of the final tree combining cost option 2 with pruning based on
cp-value where this species was the bottom least important variable (Table V.3).

Marcusenius monteiri (mm) was overall the least important contributor in the
classification across all the different models (Table V.3) and did not make it to the final
nodes of the final tree combining cost option 2 with pruning based on cp-value
(Fig.V.10). However, M. monteiri was predicted to make 75% of unidentified Gil net (u)
right from 0.01233 in node 6 of the 1-SE-cross-validation 8-leave pruned tree and the
prior option 1 with (Fig.V.5). Moreover, M. monteiri was predicted to make 65% in
unidentified Gil net (u) right from 0.000651 in node 5 of the prior option 2 with 1-SEcross-validation 9-leave pruned tree (Fig.V.6). This species was also predicted to make
71% in unidentified Gil net (u) right from 0.005919 in node 10 and 64% in set net (s) left
from 0.02631 in node 13 of the of the cost option 1 with 1-SE-cross-validation 18-leave
pruned tree (Fig.V.7). Finally, this species was also predicted to make 71% in
unidentified Gil net (u) right from 0.005919 in node 7 of the cost option 2 with 1-SEcross-validation 9-leave pruned tree (Fig.V.8). Its low importance overall combined with
its membership with unidentified Gil net (u) could be the reason for M. monteiri not
being predicted in the final best 5-node tree.

On the top of the list of species (variables) that made it to the final best
classification tree is Citharinus gibbosus (cg) where this species was responsible for the
first split and was also predicted to make 55% in set net (s) right from 0.001326 in the
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fifth node (Fig.V.10). Moreover, C. gibbosus made also the top most important variable
for the prior option 2 with 1-SE-cross-validation 9-leave pruned tree (Fig.V.8) where this
species was responsible for the second split at 0.001326 and of the next split right from
this value where it was predicted 19% in the 8th node as drift net (d) left from 0.1998 and
70% right as set net (s) in the 9th node. Furthermore, C. gibbosus was the second most
important variable for the full tree with both the “Gini” and “Information” indexes, for
the 8-node 1-SE cross-validation pruned tree and for the 8-node 1-SE cross-validation
with prior option 1 tree (Table V.3).

In the 8-node 1-SE cross-validation with prior

option 1 tree (Fig.V.5), C. gibbosus was responsible for the 4th split at 0.001326 and of
the next split right from this value where it was predicted 49% in the 8th node as
unspecified net (u) left from 0.1998 and 65% right for set net (s) in the 9th node. This
species was also responsible in the 4th split at 0.001326 and of the next split right from
this value where it was predicted 49% in the 7th node for unspecified net (u) left from
0.1998 and 65% right for set net (s) in the 8th node, for the 8-node 1-SE cross-validation
pruned tree (Fig.V.4).

Mormyrops anguilloides (ma) was the second most important variable in the
classification for the final best 5-node tree (Fig.V.10) where the species was responsible
in the second split at 1.532, and was predicted left of this value to make 64% of the 1st
node for basket trap (b).

This species was the second most important variable in the

classification for the 1-SE cross-validation with prior option 2 pruned 9-node tree
(Fig.V.8) where it was responsible in the first split at 1.005, and was predicted left of this
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value to make 59% of the 1st node for basket trap (b).

Despite its being amongst the

bottom 3 least important variables in the classification for the 1-SE cross-validation with
prior option 1 pruned 8-node tree (Fig.V.5), M. anguilloides was responsible in the third
split at 1.532 for this tree, and was predicted left of this value to make 65% of the 3rd
node as basket trap (b). These results provide a strong support in predicting a strong
membership between M. anguilloides and basket trap-fishing technique.

Distichodus fasciolatus (df) was the third most important variable in the
classification for the final best 5-node tree (Fig.V.10) where the species was responsible
in the third split at 0.001122, and was predicted right from this value to make 54% of the
5th node as set net (s). Moreover, this species was the second most important variable in
the classification for the 1-SE cross-validation with cost option 1 pruned 18-node tree
(Fig.V.7) where it was responsible in the fourth split at 0.001122, and was predicted right
from this value to make another split at 7.113 and left from which it was predicted to
make 44% of the 12th node for other fishing technique (o).

D. fasciolatus came as the

third most important variable in the full tree (Fig.V.2) and tended to have a strong
predicted membership with either set net-fishing or other fishing techniques (hook linefishing in particular).

Clarias buthupogon (cg) was in the fourth order as one of the most important
variable in the classification for the final best 5-node tree (Fig.V.10) where the species
was responsible in the fourth split at 0.5231, and was predicted left from this value to
make 88% of the 2nd node as other fishing technique (o) and right to make 29% of the
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3rd nod as set net (s). However, this species was the top most important variable in the 1SE cross-validation and the prior option 1 8-node trees (Table V.3). In both the 1-SE
cross-validation 8-node tree (Fig. V.4) and the 8-node 1-SE cross-validation with prior
option 1 tree (Fig.V.5), C. buthupogon was responsible for the first split at 0.01734, and
let from this value for the second split at 0.4722, left of which it was predicted to make
75% of the 1st node for other fishing technique (o) and right 76% for set net (s) in the
2nd node.

These predictions provide a strong support for a much strong membership

between C. buthupogon was primarily caught with other fishing techniques (hook linefishing in particular) followed by set net-fishing.

V.9. Discussion
Despite its being the most popular fishing category across tropical freshwater
fisheries in the Congo Basin and beyond the borders of Africa, artisanal fishing
techniques remain extremely complex to study and undocumented (MacLennan 1992;
Saila & Roedel 1979). However, an overwhelming literature of fishing gears selectivity
has been published, focusing almost exclusively on either single-species or multiplespecies for marine commercial fisheries. Only a few and incomplete studies have
focused on artisanal freshwater fisheries selectivity and reported in the literature. One of
the few published works but still from brackish waters include the multi-species reef
lagoon fishery of southern Kenya by McClanahan & Mangi (2004) who found that
among 6 different gear types, large traps, hand lines and spears were catching large fishes
of slightly different species and therefore were more sustainable than small traps and
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beach seines that were removing smaller-sized fishes from a high diversity of species. As
with most leaving organisms, fish population size distribution is most likely either
bimodal (Finstad & Berg 2004) or polynomial but in very rare occasion if never normally
distributed. The use of Classification and Regression Tree in this study as a nonparametric discriminant analysis was partly justified as I have no data to support any
particular function describing population age and size structure for the entire fish
community. In the same way, I do not have any information from the Congo Basin to
make any assumption about any particular relationships describing fishing gears and
harvested fish species. Models describing gear selectivity remains one of the most
controversial issues even for the well-studied commercial fisheries (Myers & Hoenig
1997). Even for the commercial ocean fisheries, there have been several works where
gear selectivity was assumed to be almost linear (Seber & Le Cren 1967) or log-linear
(Millar & Fryer 1999; Millar & Holst 1997), asymmetric or other more complex
functions with regards to fish size or girth. Moreover, both empirical data and recent
models of fisheries yield failed to support the hypothesis of linear relationships with
regards to gear selectivity, suggesting that even with single mesh-size Gillnets or hook
size, gear selectivity remains strongly affected by each stock-specific population
structure, abundance, seasonality, fishers’ skill and water quality conditions. However,
there is a solid consensus both from empirical observations and experimental studies and
model predictions especially for commercial fisheries (and potentially even in the case of
artisanal fisheries), that each fishing gear is designed in such a way that it should mainly
be targeting one or a limited group of species while its size should predict which fish
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size-classes are potentially expected to be caught (Jonsson et al. 2013). In the same way,
there has been also a consensus that Catch Per Unit Effort (CPUE) can only be used as an
indicator of fisheries status or with caution as surrogate but not as an index of fish
abundance (Hilborn & Walters 1992; Jonsson et al. 2013; Pollock 1994). Furthermore,
and more importantly, I was able to demonstrate that variables (the 7 fish species in this
case) are not correlated with respect to the CPUE but remain dependent with a nonlinear
relationship in the real world as they share an overlapping distribution as supported by
multiple-species catches during this survey. Moreover, this lack of correlation amongst
these 7 focal species provided a strong support that even carnivore fishes such as
Hydrocynus forskahlii have little to no effect on the distribution of potential prey species
such as Citharinus gibbosus, Distichodus fasciolatus and Schilbe grenfelli in this part of
the Sangha River. This further provided a strong support to the idea that the observed
differences between fishing sites was most likely related to the random selectivity of
fishing gears and techniques in addition to a potential habitat selectivity of each species.

In the absence of fish abundance data, the species CPUEs appear to be the only
valuable quantitative data available to allow understanding how artisanal fishing
techniques in the studied section of the Sangha River can be used to describe and make
solid prediction about the fish species of interest. Furthermore, the Classification And
Regression Tree proved to be a powerful analytical technique in terms of portraying on a
tree-like chart and predicting the 7 focal fish species memberships with the major fishing
techniques. The advantage of using CART for this study was supported by the strength
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of interactions and the nonlinearity of relationships between species composition as
expressed by the observed CPUE and the environmental variables represented in this case
by the major fishing techniques (De'ath 2002; De'ath & Fabricius 2000; McCune et al.
2002; McGarigal et al. 2000). Moreover, using the species CPUE as a proxy for
abundance in the CART analysis has proven to provide accurate model prediction
without intentionally giving less weight to underrepresented species or fishing techniques
(Pielou 1984).

This study was one of the very few or most likely the first using CART to
describe and predict freshwater fish and fishing technique relationships. However, fish
biologists have widely used CART as a powerful analytical technique to describe and
predict relationships between fish abundance and distribution with environmental
variables ranging from polychlorinated-biphenyl contamination (Amrhein et al. 1999),
landscape and habitat variables (Steen et al. 2008; Turgeon & Rodriguez 2005), to
species identification based on fish-school echotraces (Fernandes 2009) and more. The
most relevant example from the Congo Basin was from Ibanez et al. (2007) who first
performed Canonical Constrained Ordination and further used CART to describe and
predict fish species assemblages structure and function along environmental gradients in
rivers of Gabon, Central Africa. CART has also been used for instance by Usio et al.
(2006) to portray and predict patterns in distribution of an invasive signal crayfish
(Pacifastacus leniusculus) in wetland habitats, including littoral marsh, pelagic marsh and
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stream across a Kusiro Moor marsh in northern Japan, with regards to water quality
parameters including physico-chemistry, inflows and outflows.

Findings from the classification and regression tree suggested and portrayed a
clear hierarchy between the major fishing techniques reported by fishers during the creel
survey along the 400km stretch of the Sangha River, with the set Gillnet fishing being the
top most important one. This finding has a strong support from ancillary data from this
survey presented in chapter III showing that set Gillnet fishing represented over 38% of
the reported fishing event during the 2009-2010 creel survey (see Fig.III.1). This trend
should even be higher as most of the unspecified Gillnet fishing events (33%) were
thought be in fact set Gillnet fishing events. This could be further supported by the fact
that for local artisanal fisheries, set Gillnet fishing tends to be very popular, more
conservative with regards to selectivity (see FAO) and apparently easier and does not
require high levels of effort and skills as opposed to other fishing techniques, for instance
drift Gillnet fishing and basket-trap fishing.

The CART results suggested that, among the 7 focal species, Citharinus gibbosus
was almost consistently found to be to top most important species in the Sangha River
fisheries, for the studied stretch of the Sangha River and was also strongly related to the
most important fishing technique, namely the set Gillnet fishing. This trend could be
explained by the fact that both the set Gillnet fishing and C. gibbosus are respectively
practiced and caught by fishers yearlong in the part of the Sangha River.
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However, results from the CART also suggested the importance of large-body
mass among the 7 focal fish species namely Mormyrops anguilloides, Distichodus
fasciolatus and Clarias buthupogon that were ranked respectively as second, third and
fourth. This could be explained by and liked to the findings from the CART that
suggested that the three species have strong memberships with basket-trap fishing for M
anguilloides and with line-fishing with hooks for C. buthupogon that to have a seasonal
use by fishers (see chapter in this dissertation). These findings suggested that both the
fishing techniques and the species with high CPUE were important in the Sangha River
fisheries, despite their being more or less seasonal.

Although the 10-fold cross-validation under 100-time resampling did a good
partitioning job in terms of tree pruning (Breiman 1984; De'Ath 2007; De'ath & Fabricius
2000) with a fairly small 8-node tree and provided a very good correct classification rate
of 50% with Kappa=0.244, the cost assignment appeared to have done a better job in
variance partitioning under the CART procedure in structuring the final tree as well as
well as predicting the fish-fishing technique memberships with a fairly high correct
classification rate of 41%. One of the major issues with the 10-fold was a high total
(100%) incorrect classification on group d (drift Gillnet fishing) with an overall high
node impurity that were significantly reduced by using the cost option 2 as pruning
criterion. The strength of the classification and prediction was supported by highly
significant p-values (P<0.004 and P<0.001) from the Monte-Carlo resampling test under
1000 permutations of the final 5-node tree. However, while the cost assignment used in
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the CART models was empirically supported with regards to the order in the probability
that a fishing event will be misclassified into a wrong fishing technique category, very
few publications have reported the use of cost. Further investigations are still required in
order to confirm the effectiveness of cost assignment in CART, especially in the case of
understudied and undocumented freshwater systems such as the Sangha River with.

The predicted fish-fishing technique memberships from the CART are accurate
information that can be used for further research and as key information for developing
sustainable fisheries programs on the 7 studied species or similar species. However,
because the data used here were considered a snapshot of the Sangha River fisheries
within the survey timeframe and extent, these results are much more context-dependent.
A few issues with the data due to the lack of experience and expertise made it difficult to
analyze such as having nearly half of the fishing events with Gillnets not correctly
identified by the field crew as set-nets or drift-nets. It is also important to point out that
sampling for fisheries-dependent data has an inherent bias as fishers do not in fact choose
fishing sites at random. Moreover, although fishing techniques such as set Gillnets may
potentially catch a wide range of species, fishing techniques such as basket-traps are
usually targeting deep water species such as Mormyridae. Nevertheless, studying
freshwater fishes is among the most challenging research topics as systematic sampling
techniques tend to be very costly and may introduce new biases not accounted for as
fishes are in fact not randomly distributed in water (Hilborn & Walters 1992). Possible
improvements should include increasing the number of focal species to 20 so that more
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species with recognized economic value can be included and ideally a much longer
survey that identify every fishing technique should be considered.
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V.11. Tables and figures
Table V.1 Cost/loss assignment matrix of misclassifying an observation from each
group as detailed in option 1 (group numbers: 1 basket trap; 2 drift net; 3 other; 4
set net and; 5 unspecified nets)
[,1] [,2] [,3] [,4] [,5]
[1,]

0

3

5

3

2

[2,]

5

0

5

3

2

[3,]

5

3

0

3

2

[4,]

5

3

5

0

2

[5,]

5

3

5

3

0

Table V.2 Cost/loss assignment matrix of misclassifying an observation from each
group as detailed in option 2 (group numbers: 1 basket trap; 2 drift net; 3 other; 4
set net and; 5 unspecified nets)
[,1] [,2] [,3] [,4] [,5]
[1,]

0

4

5

5

2

[2,]

5

0

5

5

2

[3,]

5

4

0

5

2

[4,]

5

4

5

0

2

[5,]

5

4

5

5

0

Table V.3 Variable importance of the 7 explanatory variables (fish species) for the
main classification model parametrizations
Classification model parameters
full
Priors 1; Priors 2; Cost 1; Cost 2; Cost 2;
full tree
8-node;
8-node; 9-node; 18-node; 10-node; 5-node;
Variables tree
(Information) 1-SE
1-SE
(Gini)
1-SE
1-SE
1-SE cp=0.0078
cg
cb
df
hf
mm
ma
sg

94.32
59.22
75.46
46.82
59.14
14.82
100

94.04
15
47.87
64.16
32.53
24.59
100

60.78
100
29.93
18.09
37.62
22.12
7.8

60.82
100
29.97
18.11
37.71
22.13
7.81
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100
30.6
4.77
3.49
11.88
69.65
37.72

39.5
14.21
57.24
100
49.15
14.7
48.87

19.92
16.77
8.48
100
11.62
14.95
29.44

100
40.42
42.59
3.62
31.09
75.05
5.89

Figure V.1. Multiple correlation between pairwise combinations of explanatory
variables. The scatter plots on the top are pairwise combinations between the 7 fish
species shown on the diagonal and the red line in each plot depict a fitted regression
curve. The ‘confusion matrix at the bottom shows the Pearson product-moment
bivariate correlation coefficients for each pairwise combination among variables

cg

cb

df

hf

mm

ma

sg

cg 1.00000000 0.019353727 0.033927913 0.045568894 0.020184499 -0.012766679 0.081187976
cb 0.01935373 1.000000000 -0.005801005 -0.009397995 -0.004681597 -0.005766465 -0.009264527
df 0.03392791 -0.005801005 1.000000000 0.020078971 -0.006131886 -0.002183133 -0.002647397
hf 0.04556889 -0.009397995 0.020078971 1.000000000 -0.006282559 -0.014534096 0.068949744
mm 0.02018450 -0.004681597 -0.006131886 -0.006282559 1.000000000 0.132134045 0.105403986
ma -0.01276668 -0.005766465 -0.002183133 -0.014534096 0.132134045 1.000000000 0.002322695
sg 0.08118798 -0.009264527 -0.002647397 0.068949744 0.105403986 0.002322695 1.000000000
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Figure V.2. Classification tree with 85 leaves using the ‘Gini’ index as splitting
criterion on the original dataset and the confusion matrix showing the number of
observed and predicted observations in each group
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Figure V.3. Complexity parameter (cp) plot of the Fig. 46. Classification tree with 85
leaves using the ‘Gini’ index as splitting criterion on the original dataset
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Figure V.4. Classification tree from the 10-fold cross-validation pruning criterion
(top), the corresponding bar-plot of class membership at each of the 8 terminal
nodes (middle) and the confusion matrix showing the number of observed and
predicted observations in each group. The bar-charts depict for each terminal node,
the frequency of observation in each of the 5 groups and the ŷ values are average
frequencies
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Figure V.5. Classification tree from the 10-fold cross-validation pruning criterion
and priors proportional to each group the sample size (top), the corresponding barplot of class membership at each of the 8 terminal nodes (middle), and the confusion
matrix showing the number of observed and predicted observations in each group.
The bar-charts depict for each terminal node, the frequency of observation in each
of the 5 groups and the ŷ values are average frequencies
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Figure V.6. Classification tree from the 10-fold cross-validation pruning criterion
and equal prior for each group the sample size (top), the corresponding bar-plot of
class membership at each of the 9 terminal nodes (middle), and the confusion matrix
showing the number of observed and predicted observations in each group. The
bar-charts depict for each terminal node, the frequency of observation in each of the
5 groups and the ŷ values are average frequencies
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Figure V.7. Classification tree from the 10-fold cross-validation pruning criterion
and misclassification costs assigned as detailed in option 1 (top), the corresponding
bar-plot of class membership at each of the 18 terminal nodes (middle) and the
confusion matrix showing the number of observed and predicted observations in
each group. The bar-charts depict for each terminal node, the frequency of
observation in each of the 5 groups and the ŷ values are average frequencies
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Figure V.8. Classification tree from the 10-fold cross-validation pruning criterion
and misclassification costs assigned as detailed in option 2 (top), the corresponding
bar-plot of class membership at each of the 9 terminal nodes (middle) and the
confusion matrix showing the number of observed and predicted observations in
each group (bottom). The bar-charts depict for each terminal node, the frequency
of observation in each of the 5 groups and the ŷ values are average frequencies
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Figure V.9. Complexity parameter (cp) plot of the Fig. 52 from the 10-fold crossvalidation pruning criterion and misclassification costs assigned as detailed in
option 2
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Figure V.10. Final Classification tree for pruning at cp=0.0078 criterion, maximum
surrogate value computation at 4 variables, ‘minsplit’ at 2 ‘minbucket’ at 1, and
misclassification costs assigned as detailed in option 2 (top). The corresponding barplot shows class membership at each of the 5 terminal nodes (middle) and the
confusion matrix showing the number of observed and predicted observations in
each group (bottom). The bar-charts depict for each terminal node, the frequency
of observation in each of the 5 groups and the ŷ values are average frequencies
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CHAPTER VI

EFFECTS OF LANDSCAPE FEATURES ON ELEPHANT OCCURRENCE
USING CAMERA TRAPS IN AN UNDISTURBED FOREST OF THE
NOUABALÉ-NDOKI NATIONAL PARK, NORTHERN CONGO

VI.1. Abstract

To improve our understanding of the use of natural habitat by forest elephant, I
used a 5-year seasonal camera trap survey data, covering a total of 10,780 camera-nights
(~1,540 sampling weeks) established as part of Tropical Ecology Assessment and
Monitoring program in the core-area of a nearly pristine Nouabalé-Ndoki National Park
in Northern Congo. Elephant occurrence on camera traps were combined with landscape
variables (the percentage of the main forest types around each camera location and the
distance to the nearest forest clearings and rivers), the indices of wildlife use of the
habitat surrounding cameras including elephant and other mammal trails and fruits on the
ground, in addition to survey effort (expressed as number of sampling days representing
the time or temporal variable) under a multiple-season occupancy modeling framework.
Overall, camera trap sites were occupied by elephants nearly 82% of weeks during the 5year survey based on 0.816 (0.461<95% CI < 0.958) estimate probability of occupancy,
an estimate 0.182 detection probability (0.138<95% CI< 0.235), 0.413 or 41%
(0.158<95% CI < 0.724) colonization and 0.360 or 36% (0.153<95% CI < 0.635)
extinction rates. The results also predicted a nearly constant elephant occupancy around
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80%, but a decreasing elephant probability of detection for nearly 3 consecutive years
before rapidly increasing to reach its highest value in the fifth year. This trend was
supported by a compensation between colonization and extinction rates during the same
timeframe. Further findings from this study were that elephant occupancy was not
significantly affected by any of the environmental variables in the model. However,
Gilbertiodendron dewevrei mono-dominant forest, mixed closed canopy forest, and
number of sampling days were the best predictors of the observed variation in elephant
probability of detection. These findings suggest that elephants are probably roaming
across the park at nearly the same rate as suggested by the lack of effects on occupancy
but they are spending more time in mixed forests, and there is an optimal number of days
between 18 and 30 to detect change in elephant detection. Furthermore, the study results
provided a strong support to the hypothesis of shared habitats and the absence of any
particular inter-specific avoidance among elephant and other large mammal species such
as gorillas, chimpanzees, leopards, and medium-size carnivores inside Nouabalé-Ndoki
National Park. This survey also confired low level of human incursion in the core of
Nouabalé-Ndoki NP as there was no human detection of camera traps during the 5-year
survey. Finally, larger social-group sizes (up to 5 individuals and 2 out of the 3 visits
with 4 individuals) were reported in the northern sampling stratum located very close to
the two major elephant forest clearings of Minguingui and Mabalé. These findings
provide a strong support to the importance of preserving the mature and nearly pristine
mixed forests as well as forest clearings found in Nouabalé-Ndoki NP where forest
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elephants can find valuable their food resources year-round, even in the dry season when
fruits are scarce.

VI.2. Introduction

Originally found throughout the country, the forest elephant (Loxodonta africana
cyclotis Matschie, 1900) population of northern Congo has drastically declined following
more than two decades of significant habitat degradation and escalating poaching across
the region (Maisels et al. 2013). The remaining strongholds are likely found only deep
inside the largest protected areas of the Odzala -Kokoua and Nouabalé-Ndoki national
parks. Recent surveys carried out across the landscape by the WCS-Congo Program have
shown that the elephant population has been reduced to less than 50% of its original size
during the last three decades, primarily due to an increase in the illegal international trade
of ivory to Japan and China ((Blake et al. 2007; Maisels et al. 2013).

The forests of the northern Republic of Congo constitute a 6-million ha multiple
land-use area that includes four protected areas (three national parks and one community
reserve) and ten logging concessions, with three of them being FSC (Forest Stewardship
Council) certified. However, the forest elephant population, originally found throughout
the landscape, has been hit hard by significant changes from habitat conversion and
poaching that have occurred across the Northern Congo and Sangha Tri-National
landscapes as a consequence of an exponential expansion of the logging forest road
network combined with an increase in human population and thus a significant increase
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in natural resource use. Results from long-term monitoring carried out by the WCS field
researchers since the early 2000s suggested that the Nouabalé-Ndoki National Park is
host to one of the less disturbed tropical forests in the Congo Basin and is home for one
of the highest and nearly stable elephant population (Maisels et al. 2013). Surveys have
revealed that, in a few cases, elephant densities also appear to be high outside of
protected areas in those logged forest concessions where protection measures are
rigorously enforced (Blake et al. 2007). However, these findings should be revisited with
more recent data reflecting the current changes in both elephant populations and
landscape configutrations. Unfortunately, very little to nothing is known about the longterm effects of habitat conversions from multiple scale habitat disturbances (e.g. logging,
poaching, and other human illegal activities) across the multiple-rotation logged forests
and the neighboring protected areas on elephant ranging patterns and use of the
landscape; this includes all the major natural forest types and forest clearings elephants
need for food and socializing.

Similarly, I currently know very little about the ability of

logged forests to sustain forest elephant populations over the long-term, particularly
forests that will be logged over multiple rotations. Such information is needed to better
inform management plans, target patrols and develop protection strategies.

Moreover, despite being the largest forest terrestrial mammal and unlike their
closely related African Savanna elephants (Loxodonta a. africana; Ishida et al. 2011;
Roca et al. 2015), forest elephants remain understudied and a mostly elusive species,
similar to many other species found in the predominantly thick tropical forest
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environment. The only direct observation studies of forest elephants mainly focus on
population age-class structure, social interactions, and behavior, up until recently done
from camouflaged viewing platforms in remote forest clearings with permanent
protection and research presence (mainly Mbeli, Bonyé, Mabalé, Minguingui in Northern
Congo, Dzanga in Central African Republic and Langoué in Gabon; Turkalo & Fay 2001;
Fishlock 2010; Fishlock & Lee 2013; Wrege et al. 2012; Turkalo et al. 2013). All
African forest elephant ecology field surveys up to now have been based on indirect
observation of feeding tracks (Blake 2002; Blake & Inkamba-Nkulu 2004; Blake et al.
2007) and counts of dung piles from line transects using Distance sampling methods
(Barnes 2001; Buckland et al. 2001; Maisels et al. 2013; Thomas et al. 2010), in addition
to a few studies of elephant movements and ranging patterns using radio-tracking and
satellite GPS collars (Blake et al. 2001; Blake et al. 2009; Yackulic et al. 2011).

The use of self-triggered cameras as related to wildlife started at the beginning of
the 20th century to take photographs of mammals in remote tropical forests for hunting
purposes (e.g. Champion 1927; McDougal 1977). The use of camera traps in ecological
studies began more recently (Gysel & Davis 1956; Pearson 1960) and fast developing
technology (e.g., infrared and motion-censored rapid fire digital cameras) had provided
an exceptionally powerful noninvasive field research tool for scientists and
conservationists needing direct observations of elusive or cryptic tropical forest species
such as large to mid-size carnivores and forest elephants (Carbone et al. 2002; Kerry
1998; O'Connell et al. 2010; Silver et al. 2004; Thompson 2013). With enough
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investment in financial and human resources and appropriate sampling design, the use of
camera traps in terrestrial mammal field research has a significant potential for
outcompeting the usual ground and aerial surveys in terms of efforts (including time, cost
and manpower). Camera trapping may allow for higher accuracy and greater amounts of
data for assessment of wildlife populations, ranging from occupancy and relative
abundance to density (Carbone et al. 2002; Karanth et al. 2006; O'Connell et al. 2010;
Silver et al. 2004) and species richness index (Kéry 2011; O'Brien et al. 2011; Tobler &
Powell 2013; Thompson 2013), though there are caveats to avoid misleading and abusive
use of camera trap data in population density estimates (Foster & Harmsen 2012; Noss et
al. 2012; Sollmann et al. 2011; Sollmann et al. 2012).

A long-term study of the potential effects of climate change on terrestrial
vertebrates using camera traps has been underway in Nouabalé-Ndoki NP since 2009 as
part of the Tropical Ecology Assessment and Monitoring (TEAM) network. The main
purpose of the TEAM Network is to monitor potential changes in the populations of
ground-dwelling terrestrial vertebrates with regards to climate change effects on tropical
forest world-wide, without aiming to assess population size for any particular species
(TEAM-Network 2011). This study uses 5 years of data from the TEAM seasonal
camera trap survey underway in the core area of Nouabalé-Ndoki NP to understand
temporal and spatial patterns in elephant occurrence or occupancy and detection, and to
investigate potential effects of landscape and habitat structures.

VI.3. Goal and objectives
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The aim of this study is to understand at a finer scale the use of forest elephant of
forest habitats in the absence of human disturbance using occurrence data from camera
traps.

The objectives of this study are threefold:

1- Understand spatial (between camera trap locations) and temporal (between
sampling years) variations in elephant occurrence;
2- Understand which landscape features have the most effects on elephant
occurrence/occupancy or habitat use;
3- Provide recommendations for further elephant study using camera traps and
habitat conservation.
VI.4. Materials and methods

VI.4.1. Study site

The 4,200-km2 Nouabalé-Ndoki National Park is in the northern Republic of
Congo, Central Africa and was created in 1993. The Park was named after two of its
major rivers, namely the Mabalé or Nouabalé River located in the north of the Park that
flows east to the Motaba River through Makao-Linganga village, and the Ndoki, a wide,
heavily vegetated river that forms the southwestern border of the Park (Fig.VI.1). Despite
its being surrounded by logging activities, Nouabalé-Ndoki National Park remains one of
the most intact large forest ecosystems in Africa with no permanent human settlement
located within an extremely low human population density (~2 people/km2) Northern
Congo Landscape. In addition to the logging concessions around the Park, other natural
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resources extraction types occur, with bushmeat being the most common one. The
Ndoki and Goualougo Rivers and their associated swamp forests to the south and west,
and the swamps of the Likouala aux Herbes to the east, have long been a barrier to human
movement and have been instrumental in keeping the Nouabalé-Ndoki area relatively
undisturbed.

Unlike many other protected areas in East and Southern Africa, most of the
biodiversity of the Nouabalé-Ndoki NP is still undiscovered as there have been few
studies carried out and currently no published guide of the full flora or fauna, including
fish, of the park and the neighboring regions.

Nouabalé-Ndoki NP is covered by a rich and diverse flora with nearly 1,000 plant
species, including a rich diversity of mature and giant endangered African Mahoganies
(Entandrophragma spp.) providing high quality shelter and food for its rich diversity of
terrestrial and aquatic fauna (Harris 2002; Harris et al. 2008; Hawthorne & Jongkind
2006; Wilks & Issembé 2000; Wortley & Harris 2015).

The mixed humid forest on terra firma includes open and closed canopy
(Fig.VI.3), both with a fairly high diversity of tree species representing nearly 60% of the
Park’s surface area. Closed canopy forest tends to have a clear understorey, high tree
density and basal area. Open canopy forest has a low density of trees, and a dense cover
of ground vegetation, usually terrestrial herbaceous vegetation, largely in the families
Marantaceae and Zingiberaceae.
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Liana or vine forest is very similar to the above types of forest, but is
characterized by dense understory vegetation composed of lianas and terrestrial
herbaceous vegetation, and a light canopy cover. It is usually close to rivers and
sometimes has Cleistanthus, Macaranga, Terminalia, and Pycnanthus species.

A gregarious Caesalpinoid legume, Gilbertiodendron dewevrei, is the dominant
species of the G. dewevrei monodominant forest that may represent nearly 25% of the
Park's surface area (Fig.VI.3). This is a widespread vegetation type in forests of the
Congo Basin with a high tree density and basal area, very dense canopy, and little
understorey vegetation. Usually G. dewevrei forest is relatively dry underfoot, but this
vegetation type also occurs as a flooded forest type.

Flooded forest is usually dominated by Guibourtia demeusei, Cleistanthus spp.,
Raphia spp., Daniellia pynaertii, Symphonia globulifera, Uapaca spp., Macaranga spp.,
and Lophira alata remains flooded for at least a part of the year.

Swamp forest is a mixed-species vegetation forest, usually in the floodplains of
rivers, usually of fairly low-canopy vegetation.

The forest clearings comprise only a tiny percentage of the total surface area of
the Park and neighboring forests. They are, however, of natural origin and outstanding
importance for several species of large mammals in the region. These forest clearings
exist in the north of the Congo, including not only in Nouabalé-Ndoki, but also in Odzala
National Park, and in areas between these two important protected areas. They are also
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found in areas adjacent to Nouabalé-Ndoki in neighboring countries of Cameroon and the
Central African Republic, namely Lobéké and Dzanga-Sangha areas.

Finally, results from long-term monitoring carried out by the WCS field
researchers since early 2000s suggested that the Nouabalé-Ndoki NP is host to one of the
less disturbed tropical forests in the Congo Basin with one of the highest and nearly
stable elephant population estimated at nearly 2,212 individual (1,698 ≤ 95%CI ≤ 2,881;
unpublished WCS Congo 2012). However, the overall Central African regional elephant
population is thought to have declined by nearly 62% and have lost about 30% of its
original range due to habitat degradation and poaching (Maisels et al. 2013). In addition
to forest elephants, Nouabalé-Ndoki NP is home to important populations of western
lowland gorillas Gorilla g. gorilla, chimpanzees Pan t. troglodytes, African leopards
Panthera pardus, bongo antelope Tragelaphus euryceros, sitatunga Tragelaphus spekei,
forest buffalos Syncerus caffer nanus, red river hogs Potamochoerus porcus and many
other endangered large mammals. It also boasts over 300 bird species. To date, no
endemic species has been found within the Nouabalé-Ndoki NP area and the
surroundings.

VI.4.2. Field data collection

Sixty camera trap locations that were randomly selected within the core area of
the park were split in two separate arrays of 30 locations each (Fig.VI.1); they were
monitored for an average of 30 days during the longest dry season between December
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and March each year from 2009 to 2014. To ensure that each camera trap represented an
independent sampling unit and to compensate between species with a reported large
home range (+100km2; e.g., forest elephants) and those with a much smaller home range
(+1km2; e.g., forest rodents like Giant/Emin's pouched rat, Cricetomys emini), each
camera trap was located ~2.5 km from the nearest camera traps within an array, resulting
in an approximate density of 1 camera trap/2km2 (TEAM-Network 2011). The two 30camera trap arrays were located nearly 30 km apart. To make sure the sampling
remained free of human impact for a long-term, the core area was located in the most
isolated part of the park within a minimum of 10 km from the park border (southern
array), and as close as 50 km from active logging roads and >50 km from the nearest
permanent human settlement (Bomassa, Fig.VI.1).

Each camera trap was mounted on a suitable tree >10cm dbh (diameter at breast
height) at 30 to 50 cm above the ground level (Fig.VI.2). To maximize the chance of
getting a high number of good quality images, cameras faced a wildlife-friendly trail not
closer than 2m. Field technicians and crews handling and mounting the camera were
required to keep the camera free of odors from food, cigarettes or any other product that
may have an attracting or repulsive effect on the animals toward the camera; in other
words, they were required to stick with a no-baiting rule and not mounting a camera on a
fruiting tree (especially during the sampling season). Based on all the above criteria,
reconnaissance fieldwork was conducted prior to the first camera trap deployment in
2009 when each camera trap location was chosen within a 20-m radius around
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predetermined coordinates. Each camera was re-mounted at the same location for
consecutive sampling years and could only be moved to a nearby tree if the original tree
or any other nearby tree had a broken crown creating a light gap in front of the camera.
Fortunately, this only happened four times and only within array 2 during the 5 sampling
years.

The camera traps used for this study are Reconyx RM45 RapidFire (Fig.VI.2)
with an infra-red flash and are equipped with a 2GB Ultra II compact flash drive and 6
NiMH 1.5v rechargeable batteries. Each camera takes a triplet of photos for each trigger
and can store nearly 10,000 photos during the 30 sampling days at optimum data storage
and power capabilities.

Initially scheduled to last 30 days, length of survey among cameras (sites) and
among cameras varied by year. There was variation between the minimum and
maximum number of sampling days (Table VI.2) but the differences in both values were
statistically not significant. However, a large variation in survey length was supported by
a statistically highly significant difference in average number of sampling days (F (1,58) =
17.83, p<0.001). These significant differences may affect detection and occupancy and
therefore need to be included as model variables.

In order to investigate the length of each survey for each camera trap, the
minimum and the maximum numbers of sampling days were included as site covariates
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potentially having an effect on elephant occupancy and detection to be investigated (Gu
& Swihart 2004).

VI.4.3. Data analysis

VI.4.3.1. Developing analysis covariates

In addition to the default metadata including date-time, species and much other
information originally linked to each photo and corresponding to each row in the dataset,
four different types of covariates were in the occupancy models as site-based covariates,
observation covariates and/or yearly covariates. These included: 1) sampling location
and length of survey, including geographic coordinates of each camera trap, minimum
and maximum number of sampling days, 2) distance between camera trap locations and
the main forest clearings and rivers, 3) the dominant forest type around each camera trap,
and 4) indices of local wildlife activity (trail size and utilization, and fruiting trees). The
landscape and habitat covariate types 2 and 3 were developed using GIS tools in ArGIS
as described below.

VI. 4.3.1.1 Landscape and habitat covariates

The landscape and habitat covariates that were hypothesized to affect elephant
occupancy and detection (Gu & Swihart 2004) included vegetation types with two main
categories: 1) the mixed forest and 2) monodominant forest of Gilbertiodendron
dewevrei. Covariates also included distance between each camera trap location and the
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largest forest clearings known for their being strongly attractive to elephants in the
region, namely Mbeli, Dzanga, Minguingi, Mabalé and Bonyé, and distance to a
permanent water body (stream or river).

In addition to the vegetation type information from the field, the dominant
vegetation type around each camera trap location was extracted using remote sensing
techniques in ArcGIS 10.2.1 (ESRI 2013) as follow: a File-Geodatabase was created in
which all 60 camera location coordinates, river and forest clearing shapefiles, and a 350x 190-km area with 28.5- x 28.35-m cells and 8-bit pixel-depth 20-class vegetation GeoTIF image [by Nadine Laporte, Woods Hole Research Center/University of Maryland
(UMD)], were loaded in feature datasets and Raster datasets, respectively, in
WGS_1984_UTM_Zone_33N projection system (Fig. VI.3).

To ensure a consistant and fast covariate generating process, a GIS model was
developed using model-builder tool in ArcGIS 10.2.1 (ESRI 2013). A 100-m radius
circular buffer was generated around each camera location using a Spatial Analysis tool
called “Buffer”. A set of 100 random points (randomly spaced) were generated within
each 100-m radius circular buffer (Fig. VI.4) using a Data Management tool called
“Create Random Points”;

A raster value corresponding to a vegetation type was extracted at each of the 100
random points from a vegetation classification raster, using a Spatial Analysis tool called
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“Extract Values to points”, and the values were saved in a new attribute table of an output
feature class.

Finally, there were three (3) vegetation types around the 60 camera traps
including: A Gilbertiodendron dewevrei monodominant forest (category 1), a mixed
forest with closed canopy (categories 2, 3, 4 & 7), and a rare mixed forest with open
canopy (categories 5 & 6). Overall, as seen on the vegetation-classified map (Fig. VI.3)
and reported by previous researches, the distribution of camera traps among the Park’s
main forest types followed very closely the proportion of each forest type, with 78% of
cameras sites located within mixed forest with closed canopy dominated vegetation
(>50% to 100%), and the remaining 22% of camera trap sites located within (>50% to
100%) Gilbertiodendron dewevrei monodominant forest (Table VI.1). Forest types
within 100-m radius buffers around each camera-trap location (site) expressed as
percentage out of the 100 random sampling points extracted from the 20-class vegetation
Geo-TIF image by Nadine Laporte, Woods Hole Research Center/University of
Maryland (UMD).

There were significantly (F (1,58) = 23.53, p<0.001) more camera trap locations
with higher percentage of monodominant forest in array 1 (north) than in array 2 (south).
In contrast, there were significantly (F (1,58) = 23.41, p<0.001) more camera trap locations
with higher percentage of mixed forest with closed canopy in array 2 (south) than in array
1 (north).
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VI.4.4. Generating distance between camera trap locations and the main forest
clearings and rivers

Distances from the landscape features, including forest clearings, permanent
water bodies, and monodominant forest stands were generated using “Near” a Spatial
analysis tool in ArcGIS 10.2.1 (ESRI 2013). Overall, the majority of camera traps in the
north array (stratum 1) were located much closer between 500m and 2000m to the nearest
forest clearing, while the ones in the south array (stratum 2) were farther away (Fig.
VI.5).

The highest density of camera traps in the south array (stratum 2) were located
between 9 and 12km from Mbeli forest clearing, while the ones in the north array
(stratum 1) were farther away (Fig.VI.6).

There was a high density of camera traps in the north array (stratum 1) located
much closer within nearly 6km to Mabalé forest clearing, while the ones in the south
array (stratum 2) were further away (Fig.VI.7).

Minguingui forest clearing was much closer to most camera traps in the north
array (stratum 1) where there was a high density of camera traps located 4km, while the
ones in the south array (stratum 2) were at least 25km away (Fig.VI.8).
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There was a high density of camera traps located around nearly 18km in the north
array (stratum 1) and the south array (stratum 2) were further away around nearly 45km
to Bonyé forest clearing (Fig.VI.9).

Dzanga is the most remote forest clearing located in the neighboring Dzanga
National Park in the Central African Republic, with the nearest (39km away) camera trap
being the one located at the top western side of the north array (stratum 1), with ones in
the south array (stratum 2) at least 60km away (Fig.VI.10).

Overall, a very high density of camera traps in both the north array (stratum 1)
and the south array (stratum 2) are located close (between 2 and 3km) to rivers
(Fig.VI.11).

VI.4.5. Indices of local wildlife activity

The intensity of forest wildlife activity, including that of elephants, has been
related to fruit availability, and it can affect the rates of trail utilization (Vanleeuwe &
Gautier-Hion 1998, Blake & Inkamba-Nkulu 2004). However, to prevent bias from a
possible unexpected baiting, the trees on which the cameras were mounted were all from
non-palatable fruit species, at least for elephants and great apes. Moreover, in addition to
the sampling season for this survey falling within the dry season when fruits are known to
be scarce across the forest, the camera trap locations were cautiously chosen to be away
from a palatable fruiting tree during setup.

373

Ancilliary data was collected on elephant and other mammal trail size and
utilization, and number of fruiting trees within a 20-m radius area around each camera
trap during the 2013 and 2014 camera setup. More specifically, the covariates used as
indices of local wildlife activity included: the presence (1) or absence (0) of elephant
trails within a 20-m radius around each camera location characterized by their level of
utilization from low (1) to medium (2) and high (3), and their size from small (1) to
medium (2) and large (3); the number of non-elephant trails within the same radius; and
the number of species with fruits on the ground at the time of camera deployment/setup.

There were significantly (F (1,58) = 7.613, p<0.01) more species when there were
fruits on the ground at the time of camera deployment/setup in array 1 (north) vs. array 2
(south).

VI.4.6. Fitting the Occupancy Models

Dynamic single-species multiple season occupancy models were fitted using
Package “unmarked” version 0.11-0 (Fiske et al. 2015) as described by Kéry & Chandler
(2012).

For each camera trap location or site i (i=1,2,3 …60), surveyed during j replicates
or “Survey” represented by weeks of camera trap (j=1, 2, 3, … 22) in season or sampling
year t (t=1, 2,…5), the detection or occurrence y of a species (elephant in this case) is
represented by yijt =1 if at least one individual is detected (present) and by yijt =0 when
none is detected (absent) and treated as a binomial random variable with trial size 1 and
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probability of success p. The occupancy or occupancy probability representing the
probability of a randomly selected camera trap (sample unit) is occupied (i.e. y=1) is Pr=
ψ. While the number of “primary survey periods” representing the number of years or
seasons the survey was carried out, in this case 5, I chose to use week as the unit of
“secondary survey periods” (j replicates = 22).

The idea of using survey weeks as replicates was supported by elephants being
known as wide-ranging mammals and using camera nights or days as time scale would be
overwhelming and ecologically meaningless.

Moreover, the dynamic occupancy models were developed as submodels
including ecological processes or “State variables” that affect the dynamic of the sites
being initially occupied and remaining occupied (survival) or becoming unoccupied, or
initially unoccupied and becoming occupied (colonization) or not; And the “observation
processes” that are a result of the ecological process and are responsible for the
probability of detecting a presence (i.e. y=1) when a site is being occupied while
accounting for false negative observation errors.

For each occupancy model, I fitted a linear function on the “logit-link-scale” of
covariates into the probabilities of occupancy, survival or colonization and detection of
the form:
logit(ψit) = α + β xit (adapted from Kéry & Chandler 2012),
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with xit representing any of the above covariates that vary among sites and seasons or
years if applicable (but see below).
Furthermore, beside the “population quantity” occupancy ψ, there is a model
assumption that the occupancy probability in the first year (or sampling season) ψi1 that
controls a “Bernoulli” trial or or binomial trial with the relationship of a form:
zi1 = Bernoulli (ψi1),
with z representing the sample quantity “occurrence” at this particular site, and zi1
representing the initial ecological or state process for occurrence at camera trap site i
during year (or sampling season) 1.

The dynamic parametrization of the models involved including the probability of
persistence or local survival Øit = 1 – probability of local extinction, in addition to the
probability of colonization ϒit and follows a relationship of a form:
zi1 ~ Bernoulli (zi, t-1Øit + (1- zi, t-1) ϒit)
Finally, the detection probability is accounted for in the observation process and
denoted yijt conditional on occurrence so that multiplying Pijt with zit ensures detecting
occurrence only at the site where a species truly occurs (i.e. zit =1) following the equation:

yijt ~ Bernoulli (zit Pijt)
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While some of the covariates used in the models might in reality vary by site and
by sampling year, namely Indices of local wildlife activity (i.e. number of fruiting trees
and level of utilization of elephant trails), all covariates I used are assumed constant as
they were not monitored every sampling year. The assumption behind this approach is
that the set of covariates included in the occupancy modeling here would affect sites’
occupancy and detection probabilities while sites’ colonization and extinction are under
the influence of much broader behavioral, ecological and climatic factors that should be
considered beyond the time and special scale of the current study.

The fitted occupancy models in R using Package “unmarked” (Fiske et al. 2015)
were as followed:

Fit <- colext (“psiformula = ~1, gammaformula = ~1, epsilonformula = ~1, pformula = ~
year – 1, data = Multi-frame-data, method="BFGS")

Where:

- psiformula = ~1 is the occupancy part of the model and should include the state
variables that may have an effect on occupancy with 1 being the default value for
the expected mean value or “Intercept” occupancy.
- gammaformula = ~1 is colonization part of the model and should include
variables that may affect site colonization with 1 being the default value if
assuming there no parameter affecting colonization;
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- epsilonformula = ~1 is extinction part of the model and should include variables
that may affect site extinction with 1 being the default value if assuming there no
parameter affecting extinction;
- pformula = ~ year – 1 is detection part of the model and should include variables
that may affect species detection at each site with “year-1” meaning that the
detection probability for the first year will be used as “intercept” and the detection
probability for all other following years will denote the differences or effects
relative to the reference or first year value.
The null model included the yearly elephant detection probability and was
therefore of the form:

fit. nully <- colext (~1, ~1, ~1, ~year-1, data = UMF33, method="BFGS")

and the Full model included all the above-mentioned site covariates in both the
occupancy and the detection parts of the model. A series of candidate models each with a
different set of covariates were developed based on the study objectives and evaluated
based on their performance.
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VI.4.7. Evaluating model performance and variables selection

The environmental covariates with the significant effects on elephant occupancy,
colonization, extinction, and detection probability will be chosen from the model with the
best performance based on the Akaike information criterion (AIC). With p being the
number parameters in the model, AIC provides a penalized measure of the goodness-offit of a model also known as Penalized log-likelihood based on the relationship:

AIC = -2 * log-likelihood + 2(p + 1),

where, (-2 * log-likelihood) is the deviance and adding 2(p + 1) allows explicitly
penalizing any superfluous parameters included in the model when computing the AIC
value. A set of meaningful alternative pre-specified models will be kept using a forward
selection procedure based on improvement in AIC brought by when an additional variable
is added. Therefore, the best selected models were the ones with the smallest AIC and
Delta AIC (ΔAIC) <2 (Bailey & Adams 2005) and 2>ΔAIC ≤10 as acceptable or fair.
Furthermore, the variables best describing elephant occupancy and detection
probability will be the ones that come up in the best models and how significant the
variable predicts the occupancy and/or detection based on its p-value.

And finally, the gradient of variables with significant effects will be plotted
against the predicted occupancy and detection probability to illustrate the relationships.
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VI.5. Results

VI.5.1. Sampling effort and wildlife observations

This 5-year seasonal camera survey included a total of 10780 camera-nights
(~10784 sampling days or 1540 sampling weeks) ranging between a few hours when the
camera failed or got damaged by an elephant after setup to as longer as 54 sampling days
or nearly 7.7 weeks per year/season (Table VI.2).

VI.5.2. Testing for Multi-correlation among variables

Despite a week positive but statistically non-significant correlation between
elephant detection and the number of the non-elephant (other mammals) trails and the
number of fruiting species, there were no apparent relationships between elephant
detection on camera traps and the landscape and habitat covariates (Fig.VI.12).
However, amongst variables, there were statistically highly significant negative
correlations between latitude and longitude, percentage of monodominant forest and
mixed forest with closed canopy, distance to Mbeli and all other forest clearings, and
highly significant positive correlations between all other forest clearings except Mbeli
(Fig.VI.12). Based on the strong collinearity among distance between camera trap
locations and forest clearings, I decided to narrow down the number of model variables
by keeping only the ones with ecologically meaningful potential effects on elephant.
Therefore, the covariates retained for the occupancy modeling were monodominant
forest, mixed forest with closed canopy, distance to Mbeli, distance to Minguingi,
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distance to the nearest forest clearing, distance to water, number of other mammal trails,
number of fruiting trees and presence or absence of elephant trails.

The pairwise Pearson product-moment bivariate correlations (Zar 1999) provided
good insights in variable selection to avoid unnecessarily using correlated variables in a
single model but instead for comparisons (e.g. mixed vs monodominant forests; distance
to Mbeli and Distance to Minguingui, distance to nearest clearing and distance to
Minguingui/distance to Mbeli).

VI.5.3. Testing for Linearity between Elephant observation and covariates

To check if the assumption of linearity used in occupancy models should be kept
as default or any other types of relationships would need to be applied, I fitted linear
curves between the elephant occurrence/detection (response variables) transformed into
binomial variable and the covariates (predictors). Elephant detection as a binomial
response was therefore plotted against the gradient of percentage monodominant forest,
percentage mixed forest with closed canopy, distance to Mbeli, distance to Minguingi,
distance to the nearest forest clearing, distance to nearest river (surface water), number of
other mammal trails and number of fruiting trees.

As seen with the pairwise Pearson Momentum correlation above, there was an
increase in elephant occurrence with the percentage of mixed forest with closed canopy
but the relationship tended to be more quadratic than linear (Fig.VI.13).
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In contrast and as see with the pair-wise Pearson Momentum correlation above,
there was an apparent decrease in elephant occurrence with the percentage of
monodominant forest with Gilbertiodendron dewevrei and the decline was very obvious
but the relationship tended to be more linear than quadratic (Fig.VI.14).

As expected, elephant occurrence/detection tended to decrease almost linearly
with distance to Mbeli forest clearing (Fig.VI.15).

There was an overall diminution in elephant occurrence/detection with distance to
Minguingui forest clearing following a polynomial-type of relationship (Fig.VI.16).

An overall decline in elephant occurrence/detection was observed with distance to
the nearest forest clearing and the relationship was mostly polynomial (Fig.VI.17).

Elephant occurrence/detection was almost linearly decreasing with distance to
nearest river in the north stratum while in the south stratum the relationship was nearly
polynomial (Fig.VI.18). However, a linear relationship would better describe the overall
relationship between elephant occurrence/detection and distance to nearest river.

There was an overall increase in elephant occurrence/detection with number of
other wildlife trails and (r=0.4) but the relationship was more polynomial than linear,
especially in the north (array 1) stratum (Fig.VI.19).

Elephant occurrence slightly increased (r=0.2) with the peak around 10 in the
south stratum (array 2) but tended to have a nonlinear relationship with number of
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fruiting species, while the relationship in the north was nearly polynomial (Fig.VI.20).
Overall, a quadratic relationship between elephant occurrence and number of fruiting
trees would appear more suitable.

VI.5.4. Relationships between elephant and other mammal species occurence

Overall, there were positive but statistically not significant correlations among
elephant and other large mammals’ occurrence during the survey (Fig.VI.21). This result
provides a strong support to the hypothesis of shared habitats and the absence of any
particular inter-specific avoidance among these large mammal species inside NouabaléNdoki National Park.

Overall, elephant occurence tended to almost linearly increase with gorilla
occurrence (Fig.VI.22), chimpanzee occurrence (Fig.VI.23), red river hog occurrence
(Fig.VI.24) and carnivore occurrence (Fig.VI.25).

VI.5.5. Elephant occupancy

Elephants did not occur in 15% (9 out of the 60) of cameras during the 5-year
survey period among which 5 are located in the north array (camera id 103, 105, 107, 113
& 118) and 4 in the south array (camera id 204, 207, 222 & 227). Moreover, there was a
constant turnover of detection and no-detection among the camera where elephants
occurred during the survey (Fig.VI.26).

VI.5.6. Elephant dynamic occupancy (multiple seasons)
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The overall estimate (Intercept) of elephant probability of occupancy during the
5-year survey was 0.816 (0.461<95% CI < 0.958), which means the camera trap sites
were occupied by elephants nearly 82% of the time, bearing in mind that the time unit
used here was one week, with an estimate 0.182 detection probability (0.138<95% CI<
0.235), 0.413 (0.158<95% CI < 0.724) colonization and 0.360 (0.153<95% CI < 0.635)
extinction rates.

Across sampling years, there was a slightly higher estimate of probability of
occupancy in 2009 followed by the one in 2010 and a decline in 2011 and 2012 followed
by a slight increase in 2013 without reaching the initial value at the beginning of the
survey (Fig.VI.27). However, the difference in elephant occupancy on camera from 2009
to 2013 was not statistically significant.

The highest elephant detection probability was found in 2013 and the lowest in 2010
(Fig.VI.28). Overall, there was a constant variation but no significant difference in
elephant detection probability during the 5-year survey.

Based on the 5-year estimates, elephant occupancy was predicted to remain nearly
constant around 80% (Fig.VI.29).

However, elephant probability of detection is predicted to decline for nearly 3
consecutive years before rapidely increasing to reach its highest value in the fifth year
(Fig.VI.30).
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The predicted nearly constant probability of occupancy was supported by a
constant compensation predicted between colonization and extinction rates.

Elephant colonization rate was predicted to be low following the first year but
much higher the following year followed by a constant decline the last two years
(Fig.VI.31).

By contrast, elephant extinction rate was predicted to be very low the first two
years and constant increase to remain much higher the last two years (Fig.VI.32).

VI.5.7. Variables and model selection

Fitting all variables assuming they have an effect on both elephant occupancy and
detection probabilities in a full models provided a fairly strong support that the
occupancy model fits the data well seeing that the observed value (dashed line) slightly
overlap with the predicted residual sums of squares (Fig.VI.33).

The top best model with the smallest AIC value (529.4) was the one with fewer
variable including distance to Mbeli for the occupancy part and percentage of
monodominant forest, minimum and average number of sampling days for the detection,
very closely followed by the one with the same variables in addition to large elephant
trails (Table VI.3).

Moreover, having both percentages of monodominant forest and mixed closed
canopy forest for the occupancy part with percentage of mixed closed canopy forest,
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minimum and average numbers of sampling days for the detection part provided a third
best model with a fairly low Delta AIC value (Table VI.3).

However, except for a fairly large Odds-Ratios values found with minimum
number of sampling days, monodominant forest, mixed forest with closed canopy and
distance to Mbeli, any of the model variables were able to significantly affect elephant
occupancy on camera traps as supported by high p-values of the z-statistic (Table VI.4).

As an example portraying the above findings, occupancy slightly increased with
percentage of mixed forest with closed canopy but the change was statistically not
significant with very high variation at lower low percentages (Fig.VI.34).

Nevertheless, and more importantly, despite the low magnitude of the OddsRatios values, minimum number of sampling days, average number of sampling days,
monodominant forest and mixed closed canopy forest were the best predictors of
variation in elephant probability of detection on camera traps (Table VI.5)

Survey length as expressed by the minimum number of sampling days was
predicted to significantly increase elephant detection probability on camera traps overall
by 1.05 times for each unit increase in number of sampling days (Table VI.5). Moreover,
there was a very strong support that elephant detection probability is predicted to remain
fairly low for short surveys and significantly increase between 18 and 30 sampling days
(Fig.VI.35) based on minimum survey length (number of sampling days).
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Survey length or effort as expressed by the average number of sampling days was
predicted to significantly decrease elephant detection probability on camera traps overall
but only by 0.695 times for each unit increase in number of sampling days (Table VI.5).
Elephant detection probability is predicted to significantly decrease after nearly 28
sampling days based on the average survey length (Fig.VI.36).

Moreover, percentage of mixed forest with closed canopy was predicted to
significantly increase elephant detection probability on camera traps overall 1.034 times
for each unit increase (Table VI.5). Elephant detection probability is predicted to
significantly increase above 75% mixed forest (Fig.VI.37).

Furthermore, percentage of monodominant forest was predicted to significantly
decrease elephant detection probability on camera traps overall but only by 0.966 times
for each unit increase (Table VI.5). Elephant detection probability is predicted to
significantly decrease above 30% monodominant forest and remain stable afterward
(Fig.VI.38).

Distance to Mbeli (Fig.VI.39) and other variables were predicted to have no
significant effects in predicting elephant detection probability on camera traps overall
(Table VI.5).

VI.5.8. Group size of elephant visiting camera traps

387

Overall, there was a total of 553 separate elephant visits during the 5-year survey
from which 358 occurred in the north (array 1) and 195 in the southern array (2). The
largest group size at a single visit was made of 5 elephants (on February 23rd 2011, see
Fig.VI.40) in the northern array at a camera located approximately 1.5km from Mabalé
clearing, which is among the known major elephant clearings in the Park. Three other
visits with following large groups had 4 individuals and were captured in the southern
array about to Mbeli forest clearing, the remaining two were in the northern array
approximately 2.8km to Minguingi forest clearing and 3.4km to Mabalé clearing. The
high majority of visits were made of a single individual (Fig. VI.41). The northern array
tended to have slightly overall more multiple individual visits that the southern array.

VI.6. Discussion

The key findings from this study suggest that elephant occupancy was not
significantly affected by any of the environmental variable in the model but
monodominant forest, mixed closed canopy forest and number of sampling days were the
best predictors of variation in elephant probability of detection on camera traps. This
could suggest that elephants are probably roaming across the park at nearly the same rate,
as suggested by the lack of effects on occupancy but they are spending more time in the
mixed forests, and there is an optimal number between 18 and 30 days to detect changes
in elephant probability of detection on cameras. Significant effects of sampling effort
were also suggested for instance by Wegge et al. (2004) who found that reducing the
effort from 15 to 10 camera-nights significantly reduced the estimate of tiger population
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by 25% using program CAPTURE with data from intensive camera trapping in a high
density area of the Royal Bardia National Park in lowland Nepal. The proposed 30
days/nights sampling effort for each camera location by the TEAM Network should be
considered as a standard for the current and further similar studies, although it’s always
challenging to keep up with the same effort due to issues with the logistics in remote
sites, in addition to possible damages by elephants as we’ve seen in a few occasions.

Moreover, these findings provide a strong support for an urgent need to
preserving the mature and nearly pristine mixed forests such as the ones found in
Nouabalé-Ndoki NP where forest elephants can find their key food resources year-round,
even in the dry season when fruits are scarce (Blake 2002; Chapman et al. 1994). Similar
findings were suggested by Shrader et al. (2012) in the Ithala Game Reserve, South
Africa where savanna elephants showed a strong preference of forest stands in the dry
season by focusing on the lasting high quality woody species across all habitats.
Nevertheless, it is important to point out that these findings do not contradict that
monodominant forests of Gilbertiodendron dewevrei are intensively utilized by forest
elephants during their major fruiting seasons that occur nearly once every three years
(Blake 2002).

Furthermore, the results suggested that elephant occurrence and detection on
camera traps were not affected or at least correlated with other large mammals’
occurrence. However, further investigations focusing on specific interactions between
leopard and other medium-size carnivores and ungulates might provide interesting
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information about intraspecific interactions in the Park. For instance, interesting results
were found from camera trap occupancy modeling by Jones et al. (2016) showing that
coyotes negatively affecting detection of their prey species including small rodents
(squirrel) and small herbivores (eastern cottontail rabbit) while large size herbivores’
detection (white-tailed deer) was more predicted by fragment of forests in suburban forest
fragments of Midwestern US.

I would expect a strong effect on elephant occupancy and detection probability
from the major elephant forest clearings found inside the Park, known for their strong
attraction as important source of unique types of water, minerals and luxuriant
herbaceous vegetation (Blake 2002; Fishlock 2010; Turkalo & Fay 2001; Turkalo et al.
2013). However, occupancy model did not suggest significant effects of the major
elephant forest clearings on elephant occupancy and detection probability. Nevertheless,
there was some evidence from the results that the high majority of larger group sizes of
up to 4-5 individuals were detected near these clearing.

There are currently no similar results to compare with but these results provide a
strong support that the mature and closed canopy mixed forests of Nouabalé-Ndoki NP
represent one of the few critically important and intact habitats for the African forest
elephants remain in the Region where this threatened species can still roam freely. These
findings were confirmed by the absence of human detection on camera traps during the 5year survey.
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The use of occupancy models under the multiple season framework provided a
powerful and accurate understanding about the dynamic of forest habitats utilization by
the “cryptic” African forest elephant in a roadless and nearly pristine forests of NouabaléNdoki NP in Northern Congo. This study has confirmed the power of using camera traps
to study species that play a key role in the dynamic of the ecosystem but still remains
almost mysterious in terms of its interactions with its natural habitats such as the forest
elephant (Carbone et al. 2002; O'Connell et al. 2010; Thompson 2013). This study also
provided a strong support that remote camera traps appear to be one of the promising
noninvasive tool available nowadays to improve further research on cryptic wildlife
species such as the African forest elephants and carnivores in remote and vast areas that
would otherwise not have been possible in the recent years (Foresman & Pearson 1998;
Gompper et al. 2006; Long et al. 2012). And more importantly, in the case of this study
and all the TEAM Network camera trap sites, elephant detection was unbiased as the
cameras were mounted on trees that are known to be non-elephant foods with respect to
their fruits and barks and the sites were not baited (TEAM-Network 2011) to prevent any
kind of artificial attraction (Blake 2002; Chapman et al. 1994; White et al. 1993).
Moreover, the current camera trap design fits well in the TEAM Network objectives as an
early warning monitoring system of potential effects of climate change on terrestrial
vertebrates (TEAM-Network 2011) while still offering potential for several ultimately
important ecological studies of the hidden rich wildlife of the Nouabalé-Ndoki NP
forests. However, a more systematic sapling design including stratification based on
prior knowledge from previous studies to maximize the chance of capturing as many
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species and individuals within each species as possible should be considered as further
step toward an extended use of camera traps for large mammal population estimates.
This improvement will allow for instance applying capture-recapture techniques and
advanced accurate analytical and modeling available in CAPTURE and Occupancy
frameworks (Bailey & Adams 2005; Fiske et al. 2015; Karanth et al. 2004b; Kéry 2011;
O'Brien et al. 2011; Tobler & Powell 2013; Wegge et al. 2004). This has been
successfully implement on forest carnivores such as tigers (Panthera tigris Linn.) and
Indian fox (Vulpes bengalensis) in India (Karanth et al. 2004a; Karanth et al. 2006;
Vanak & Gompper 2007), and many other medium-size carnivores such as Geoffroy's
cats (Oncifelis geoffroyi) in Bolivia (Cuellar et al. 2006). Capture-recapture techniques
can be successfully applied on species with special recognizing features such as forest
elephants based on their ears, tusks and trunks (Turkalo & Fay 2001; Turkalo et al. 2013;
Wrege et al. 2012), leopards (Panthera pardus) based on their distinctive dark
spots/rosettes (Henschel & Ray 2003) and potentially other medium size carnivores such
as the African golden cats (Caracal aurata), African civets (Civettictis civetta) and large
spotted genet (Genetta servalina), and very rare ungulates such as bongo antelopes
(Tragelaphus euryceros) identified by their typical white strips (Elkan 2003) and many
more. Face recognition and pattern recognition technologies are still expensive but
could be a powerful tool to be considered for a significant improvement in the capturerecapture accuracy as suggested on elephant video sequences by Zeppelzauer (2013),
based on example using lions (Panthera leo) by Burghardt et al. (2004) and Burghardt &
Calic (2006), on marble salamanders (Ambystoma opacum) by (Gamble et al. 2008). For
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further research and as an improvement in the current TEAM data, it will be useful to
collect and include in the dataset for each sampling season or year, the status of elephant
and non-elephant trails and the presence or absence of fruits on the ground and any other
relevant information such as indices of human activities in a 100m radius around each
camera trap location. Finally, it will be interesting to investigate for the forest elephants
and other species of conservation concern such as great apes and leopards how
occupancy and if possible population densities vary between the Nouabalé-Ndoki NP, the
neighboring Sangha Tri-National parks in Cameroon and CAR, and adjacent logging
concessions and which factors are responsible for the differences. With more time
investment, these camera trap data also offer the opportunity of studying elephant, great
ape, and carnivore population dynamics as the same individuals revisiting camera sites
can be identified and monitored through time. This should provide significant amount
of key information needed to make necessary and well-informed conservation measures
to mitigate the potential impacts of threats from human activities and climate change and
is therefore crucial for long-term management of the landscape.
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VI.8. Tables and figures
Table VI.1 Percentage of monodominant, mixed with closed canopy and mixed with
open canopy forests based on extracted raster vegetation values from the 100
random points around each camera trap location
Array/Bloc
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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ID
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125
126
127
128
129
130
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

Percentage of
monodominant forest (1)
7
100
100
0
33
6
98
35
19
96
0
34
22
41
72
44
0
0
100
95
14
0
38
93
73
41
0
95
100
32
0
0
0
0
0
0
0
0
0
0
0
58
0
0
0
0
0
0
0
0
0
100
0
42
0
0
0
0
0
0

Percentage of mixed forest Percentage of mixed forest
closed canopy (2, 3, 4, 7)
open canopy (5, 6)
93
0
0
0
0
0
100
0
67
0
94
0
2
0
65
0
81
0
4
0
100
0
66
0
78
0
59
0
28
0
56
0
100
0
100
0
0
0
5
0
86
0
100
0
62
0
7
0
27
0
59
0
98
2
5
0
0
0
68
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
97
3
97
3
42
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
100
0
0
0
100
0
57
1
100
0
100
0
100
0
100
0
100
0
100
0
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Table VI.2 Survey effort expressed as number of sampling days (with minimum,
average, maximum and total), number of visits or detection (or replicates) by
sampling season included in the analysis (with average and maximum) and
detections of forest elephants, gorillas, chimpanzees, red river hogs and carnivores
for each of the 60 camera traps
Array/ Camera
ID
Bloc
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

Min
Average
Max
Total
Average number Max number of Number
Number Number Number of
Number
number number number number of visits/replicates visits/replicates
of
of
of red
carnivore
of gorilla
elephant
sampling sampling sampling sampling
chimpan river hog
speicies
per sampling
per sampling
visits
visits
days
zee visits
visits
visints *
days
days
days
season
season
0.04
37.88
46.92
151
21.83
49
1
1
3
5
2
30.96
38.31
46.94
188
20.72
50
2
0
5
2
1
30.98
38.26
46.95
188
20.16
48
0
0
4
2
0
8.34
23.00
35.02
97
12.91
36
1
1
3
4
1
24.06
33.35
37.21
164
18.45
40
0
2
1
4
1
30.97
38.44
46.96
189
20.77
49
4
2
2
0
1
26.50
34.03
38.01
167
18.27
40
0
3
1
0
1
13.05
36.50
46.95
163
19.97
52
5
0
0
5
1
12.15
36.39
46.95
161
19.89
52
1
2
3
4
1
0.56
36.73
39.01
148
20.73
46
1
1
0
1
1
19.61
30.13
36.92
144
16.23
38
1
1
1
2
1
20.17
36.93
50.11
173
21.83
52
2
7
5
4
2
34.06
38.86
50.01
189
20.71
52
0
0
0
0
1
34.07
38.85
50.02
190
20.47
51
1
1
0
3
1
29.98
40.44
52.90
196
22.68
59
2
1
4
6
2
2.31
38.61
50.00
156
25.50
58
3
3
2
3
2
30.07
40.01
52.93
196
30.06
70
3
4
5
6
2
5.93
40.19
52.92
166
22.01
57
0
0
0
0
1
10.85
35.36
39.67
159
20.62
46
1
3
3
5
1
32.21
40.93
52.99
199
22.86
56
3
1
1
1
1
12.19
39.59
52.97
174
23.28
62
3
3
7
8
1
30.95
40.20
52.94
198
24.44
56
3
3
4
6
1
25.15
34.35
39.91
168
19.13
44
2
4
3
5
1
4.55
31.03
40.03
130
17.99
43
2
0
2
5
1
32.05
40.50
52.96
199
24.18
58
2
2
3
17
2
10.36
31.15
37.98
130
21.66
52
4
5
4
5
2
33.97
38.28
44.07
190
21.47
49
1
2
3
6
1
34.08
41.73
54.02
202
23.92
62
3
1
4
11
2
31.94
41.01
52.95
199
22.57
57
3
1
4
2
1
32.00
40.68
52.97
199
22.69
54
2
3
5
4
1
32.98
41.21
46.09
162
23.19
53
2
2
7
0
1
33.03
41.02
47.01
204
22.78
49
2
2
3
5
1
33.01
41.32
46.99
204
23.29
51
3
5
3
4
1
5.88
41.70
46.96
178
22.77
49
0
0
0
0
0
17.13
37.25
42.01
173
20.22
47
3
1
1
0
1
33.79
42.59
46.98
210
23.53
56
1
2
2
5
3
0.00
43.93
47.01
176
23.23
49
0
2
0
0
1
32.97
41.40
45.98
205
22.80
50
2
5
5
2
1
32.99
39.62
46.01
195
28.67
75
2
2
3
5
2
0.00
44.08
47.00
177
22.66
47
2
2
2
1
1
9.00
36.26
45.21
138
19.55
48
3
2
1
2
1
32.87
41.56
45.93
205
22.23
50
1
1
2
2
1
32.89
39.80
45.93
195
27.04
74
2
2
5
6
1
6.26
36.44
45.93
154
19.28
47
1
2
3
6
1
31.20
41.93
46.63
205
25.03
55
3
2
4
9
1
33.89
41.81
46.97
209
23.68
49
1
1
3
5
1
33.91
43.26
47.14
213
25.82
62
4
4
2
3
1
11.15
39.11
47.78
151
21.82
53
2
0
2
7
1
28.01
40.33
47.78
195
25.27
58
2
4
2
5
2
34.01
41.82
47.31
207
23.11
50
1
5
3
8
1
3.09
41.23
47.08
165
21.72
49
1
2
0
0
1
33.95
43.24
47.00
213
25.59
60
0
5
0
0
1
33.94
43.19
46.99
213
24.50
57
3
1
5
2
1
12.78
33.67
40.93
143
18.88
47
3
1
2
3
1
33.96
40.71
47.10
201
22.20
51
1
5
2
1
1
4.75
36.47
46.86
118
21.41
55
1
5
3
11
1
33.98
42.90
47.04
212
23.19
49
0
0
0
0
1
32.03
41.87
47.05
204
23.07
51
2
5
2
14
1
33.93
42.93
47.06
212
23.23
51
1
3
3
6
2
10.00
40.64
47.04
178
21.86
49
2
2
1
1
1

*Note: There were 9 species from 9 distinct genus of Order Carnivora grouped as “Carnivore
species”, including Atilax paludinosus (Marsh mongoose), Bdeogale nigripes (Black-footed
mongoose), Caracal aurata (African golden cat), Civettictis civetta (African civet), Genetta
servalina (Large spotted genet), Herpestes naso (Long-nosed mongoose), Mellivora capensis
(honey badger), Nandinia binotata (African palm civet) and Panthera pardus (leopard).
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Table VI.3 Summary of model selection based on AIC values. Models are ranked
from the top best with delta AIC = 0 to the good but least performant with delta AIC
= 10. Also provided in the summary are AIC weight (AICwt), model cumulative
weight (cumltvWt), R-square (Rsq) from the logistic regression and the negative 2Log-likelihoode value
Model

Model parameters/formula

nPars

AIC

delta

AICwt

cumltvWt

Rsq

-2LogLike

fit.24b

~dist mbeli ~ 1 ~ 1 ~ monodom +
Min.samplday + Avge.samplday + year 1

12

529.4

0

0.28

0.28

0.52

253

fit.24c

~dist mbeli ~ 1 ~ 1 ~ monodom + ele
large trail34 + Min.samplday +
Avge.samplday + year - 1

13

530.8

1.33

0.15

0.43

0.53

252

fit.13b

~monodom + mixedclosed ~ 1 ~ 1 ~
mixedclosed + Min.samplday +
Avge.samplday + year - 1

13

531.1

1.68

0.12

0.55

0.53

253

fit.13h

~monodom + mixedclosed ~ 1 ~ 1 ~
I(num fruitspp ^2) + mixedclosed +
Min.samplday + Avge.samplday + year 1

14

532.2

2.78

0.07

0.62

0.53

252

fit.13c

~monodom + mixedclosed ~ 1 ~ 1 ~ ele
largetrail34 + mixedclosed +
Min.samplday + Avge.samplday + year 1

14

532.5

3.08

0.06

0.68

0.53

252

fit.13d1

~monodom + mixedclosed ~ 1 ~ 1 ~
I(dist nearest clear ^3) + monodom +
Min.samplday + Avge.samplday + year 1

14

532.9

3.51

0.05

0.73

0.53

252

fit.13g

~monodom + mixedclosed ~ 1 ~ 1 ~ dist
water + mixedclosed + Min.samplday +
Avge.samplday + year - 1

14

533.1

3.67

0.05

0.77

0.53

253

fit.13d2

~monodom + mixedclosed ~ 1 ~ 1 ~
I(dist nearest clear ^3) + mixedclosed +
Min.samplday + Avge.samplday + year 1

14

533.1

3.69

0.05

0.82

0.53

253

fit.13e

~monodom + mixedclosed ~ 1 ~ 1 ~
I(dist minguingui ^3) + mixedclosed +
Min.samplday + Avge.samplday + year 1

14

533.1

3.7

0.04

0.86

0.53

253

fit.13

~monodom + Min.samplday +
Avge.samplday ~ 1 ~ 1 ~ monodom +
Min.samplday + Avge.samplday + year 1

14

533.4

3.96

0.04

0.9

0.52

253

fit.13f

~monodom + mixedclosed ~ 1 ~ 1 ~ dist
water + ele largetrail34 + mixedclosed +
Min.samplday + Avge.samplday + year 1

15

534.5

5.08

0.02

0.92

0.53

252

fit.49b

~monodom + Min.samplday +
Avge.samplday ~ 1 ~ 1 ~ ele trail high
util3 + monodom + Min.samplday +
Avge.samplday + year - 1

15

535.3

5.9

0.02

0.94

0.52

253

fit.49

~ele trail high util3 + monodom +
Min.samplday + Avge.samplday ~ 1 ~ 1
~ ele trail high util3 + monodom +
Min.samplday + Avge.samplday + year 1

16

535.5

6.03

0.01

0.95

0.54

252
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Table VI.4 Summary of model parameter performance on elephant occupancy
based on the Odds-Ratios and p-value of the z-statistic. Values in bold are
meaningful but see the p-values for significance
Parameter

P (>|z |)
psi
model psi (Int) &
Odds-Ratios z-statistic
paramet
Model
Parameter
SE
rank
(parameter) (parameter)
er
& SE

minimum number
fit.13
of sampling days
Average number of
fit.13
sampling days
Monodominant
fit.13d1
forest
Mixed closed
fit.13d1
canopy forest
ele trail high
fit.49
utilization (3)
ele large trail (3-4) fit.51
Other mammal
fit.30
trails
Number of fruiting
fit.28
species
Distance to Mbeli fit.24b
Distance to
fit.23
Minguingui
Distance to
fit.48
nearest clearing
Distance to
fit.26
nearest river
Latitude
fit.31
Longitude

fit.31

10

0.999_1

0.563 _1

1.290

0.007

0.995

10

0.999_1

0.520 _0.998

1.085

0.013

0.990

6

0.516_1

0.582 _1

1.391

0.002

0.999

6

0.516_1

0.719 _1

2.569

0.005

0.996

13

0.983 _1

0 _1

0.000

-0.147

0.884

16

0.997_1

0.070 _1

0.075

-0.815

0.415

1.008

1.516

0.130

31

0.528_0.816 0.502 _0.501

14

0.706_1

0.382 _1

0.618

-0.003

0.998

1

0.998_0.999

0.566 _1

1.305

0.001

1.000

17

0.999_1

0.572 _1

1.311

0.001

0.999

20

0.990_1

0.446 _1

0.804

-0.001

0.999

18

0.999_1

0.450 _1

0.815

-0.001

0.999

30

0.502_1

0.505 _1

0.998

0.000

1.000

30

0.502_1

0.535 _1

1.218

0.002

0.998
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Table VI.5 Summary of model parameter performance on elephant probability of
detection based on the Odds-Ratios and p-value of the z-statistic. Values in bold are
meaningful but see the p-values for significance
Parameter

Model

minimum number of
fit.24b
sampling days
Average number of
fit.24b
sampling days
Monodominant forest fit.13d1
Mixed closed canopy
fit.13b
forest
ele trail high utilization
fit.49b
(3)
fit.13c
ele large trail (3-4)

model p Parameter Odds-Ratios z-statistic
P (>|z|)
& SE
(parameter) (parameter) parameter
rank
1

0.512 _0.504

1.050

3.176

0.001

1

0.410 _0.521

0.695

-4.456

0.000

6

0.491 _0.504

0.966

-2.417

0.016

3

0.508 _0.503

1.034

2.390

0.017

12

0.476 _0.602

0.909

-0.229

0.819

5

0.450 _0.570

0.813

-0.759

0.448

fit.30

31

0.500 _0.5001

1.001

1.070

0.284

fit.13h

4

0.489 _0.511

0.958

-0.960

0.337

fit.24

15

0 _1

0.000

-0.943

0.346

Distance to Minguingui fit.13e
Distance to nearest
fit.13d2
clearing

9

0.661 _1

1.948

0.011

0.991

8

0.276 _1

0.382

-0.023

0.981

Distance to nearest river fit.13g

7

0.490 _0.958

0.963

-0.012

0.990

Other mammal trails
Number of fruiting
species
Distance to Mbeli

Latitude

fit.31

30

0.498 _1

59.414

0.000

1.000

Longitude

fit.31

30

0.865 _0.899

56.755

0.849

0.396
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Figure VI.1. Study design showing the camera trap deployment locations and other
important landscape features, including forest clearings and permanent surface
water bodies

407

Figure VI.2. A Reconyx RM45 RapidFire camera trap mounted at ~ 30-40cm above
the ground level on a 22cm dbh tree in array 2, NNNP

408

Figure VI.3. Camera locations and a classified 350 by 190km wide with 28.5 by
28.35m cells and 8-bit pixel-depth 20-class vegetation Geo-TIF image (continued
onto next page)

409

Figure VI.4. An example showing a set of 100 randomly spaced points generated
within 100-m radius circular buffer around the camera trap 123, from which will be
extracted the raster values of the classified vegetation image in the background

Figure VI.5. Density distribution of camera trap location within distance to the
nearest forest clearing overall

410

Figure VI.6. Density distribution of camera trap location within distance to Mbeli
forest clearing

Figure VI.7. Density distribution of camera trap location within distance to Mabalé
forest clearing

411

Figure VI.8. Density distribution of camera trap location within distance to
Minguingui forest clearing

Figure VI.9. Density distribution of camera trap location within distance to Dzanga
forest clearing

412

Figure VI.10. Density distribution of camera trap location within distance to Bonyé
forest clearing

Figure VI.11. Density distribution of camera trap location within distance to the
nearest river

413

Figure VI.12. Multiple correlation between pairwise combinations of elephant
detection and covariates (explanatory variables) and between covariates. The
scatter plots are pairwise combinations between variables shown on the diagonal
and the red line in each plot depict a fitted regression curve. The significant Pearson
product-moment bivariate correlations between each pairwise combination of
variables are shown in large charters

414

Figure VI.13. Log-scaled elephant occurrence with percentage of mixed forest with
closed canopy in Array 1 (top) and array 2 (bottom)

415

Figure VI.14. Log-scaled elephant occurrence with percentage of monodominant
forest in Array 1 (top) and array 2 (bottom)

416

Figure VI.15. Log-scaled elephant occurrence with distance to Mbeli in Array 1
(top) and array 2 (bottom)

417

Figure VI.16. Log-scaled elephant occurrence with distance to Minguingui in Array
1 (top) and array 2 (bottom)

418

Figure VI.17. Log-scaled elephant occurrence with distance to the nearest forest
clearing in Array 1 (top) and array 2 (bottom)

419

Figure VI.18. Log-scaled elephant occurrence with distance to nearest river in
Array 1 (top) and array 2 (bottom)

420

Figure VI.19. Log-scaled elephant occurrence with number of non-elephant trails in
Array 1 (top) and array 2 (bottom)

421

Figure VI.20. Log-scaled elephant occurrence with number of fruiting species in
Array 1 (top) and array 2 (bottom)

422

Figure VI.21. Multiple correlation between pairwise combinations of elephant and
gorilla, chimpanzee, red river hog, carnivores and all species combined. The scatter
plots are pairwise combinations between variables shown on the diagonal and the
red line in each plot depict a fitted regression curve. The Pearson product-moment
bivariate correlations between each pairwise combination of variables shown in
large charters are nearly significant

423

Figure VI.22. Log-scaled elephant occurrence with occurrence of gorilla

Figure VI.23. Log-scaled elephant occurrence with occurrence of chimpanzee

424

Figure VI.24. Log-scaled elephant occurrence with occurrence of red river hog

Figure VI.25. Log-scaled elephant occurrence with occurrence of carnivores
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Figure VI.26. Elephant detection history on camera trap during the 5-year survey.
Site refers to camera trap location, observation refers replicates (weeks) or
secondary survey periods and detection are converted to binary response (1/0)

Figure VI.27. Estimates of elephant occupancy on camera traps in Nouabalé-Ndoki
National Park between 2009 and 2013. Error bars depicts 9% CI
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2012
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Figure VI.28. Estimates of elephant probability of detection on camera traps in
Nouabalé-Ndoki National Park between 2009 and 2013. Error bars depicts 9% CI
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Figure VI.29. Predicted elephant occupancy on camera traps in Nouabalé-Ndoki
National Park. Error bars depicts 9% CI

427

Figure VI.30. Predicted elephant Probability of detection on camera traps in
Nouabalé-Ndoki National Park. Error bars depicts 9% CI

Figure VI.31. Predicted elephant Probability of colonization on camera traps in
Nouabalé-Ndoki National Park. Error bars depicts 9% CI

428

Figure VI.32. Predicted elephant Extinction Probability on camera traps in
Nouabalé-Ndoki National Park. Error bars depicts 9% CI

Figure VI.33. Bootstrap frequency of distribution of expected residual Sums of
Squares and observed sum of square based on 500 simulation of the full model with
all variables in the occupancy and detection parts

429

Figure VI.34. Predicted effect of the percentage of mixed forest with closed canopy
on elephant occupancy

Figure VI.35. Predicted effect of the survey length expressed as minimum number of
sampling days on elephant probability of detection

430

Figure VI.36. Predicted effect of the survey length expressed as average number of
sampling days on elephant probability of detection

Figure VI.37. Predicted effect of the percentage of mixed forest with closed canopy
on elephant probability of detection

431

Figure VI.38. Predicted effect of the percentage of monodominant forest on elephant
probability of detection

Figure VI.39. Predicted effect of distance to Mbeli on elephant probability of
detection

432

Figure VI.40. One of the largest group size captured at a single visit made of 5
elephants captured on February 23rd, 2011 in array 1, norther Nouabalé-Ndoki NP,
approximately 1.5km from Mabalé clearing. The group is most likely made of a
matriarch female with her daughter and 3 of their calves. Photo credit: TEAM
Network, WCS Congo
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Figure VI.41. Frequency of elephant visits on camera traps overall (a), in the
northern array (b) and in the southern array (c) during the 5-year survey between
2009 and 2014 in Nouabalé-Ndoki National Park (continued onto next page)
(a)

(b)
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(c)
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The Northern Congo Landscape overlaps with the trans-boundary Sangha TriNational complex (STN) and together, they represent one of the most pristine and nearly
uninterrupted blocks of protected tropical lowland forest in Central Africa and the world.
The Nouabalé-Ndoki National Park located at the northwest of the Northern Congo
Landscape is part of the STN transboundary protected areas and one of the most well
protected across the Congo Basin region.

In addition to its lowest human footprint with one of the lowest human densities
in the world (<4 inhabitant/km2) the contigus landscapes are home to a spectacular and
critically important biodiversity, including forest elephants, western lowland gorillas,
western chimpanzees, wetlands habitats and undiscovered freshwater fish species. The
landscapes are also made of multiple land-use types, including three national parks with
theoretically full protection of biodiversity, nearly ten logging concessions with partial to
no protection and urban or development areas around towns and villages where sawmill,
farming and other socio-economic activities occur.

At a global scale, freshwaters in general and particularly rivers are among the smallest
and fragile ecosystems (Gleick 2003). Overall, freshwaters represent only 2.5% of the
Earth’s surface waters; Rivers in turn represent only 0.006% of the world’s surface
waters and 0.49% of the world’s freshwaters (Shiklomanov 1993). However, across
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Africa and particularly the Congo Basin, freshwaters are amongst the key sources of
protein, livelihood and a wide range of services to both urban and rural populations
(Brooks et al. 2011). Freshwaters are an important natural source of proteins in Africa,
and provide at least 21% of the total protein intake on the continent (Revenga et al.
1998). Earlier socioeconomic surveys carried out by the Wildlife Conservation Society
in 2004 showed that freshwater fish made up nearly 25%, and bushmeat 22% of animal
protein consumption in one of the largest logging towns bordering the Sangha River in
Northern Congo (Pokola) where exported and frozen ocean fish remained very expensive
and marginal. Worldwide, freshwater species richness is estimated between 9,000 and
25,000 with many more species yet to be discovered while their number is rapidly
decreasing due to human interference (Cosgrove & Rijsberman 2000; Gleick 1993). The
recent increase in logging forest road network combined with increase in human
population across the Northern Congo and STN landscape have led to a significant
increase in natural resource use, including freshwater fishes. An interesting article
published in Science by Brashares et al. (2004) demonstrated a clear link between decline
in fish supply and increased ungulate hunting pressure between 1970 and 1998, causing a
decline in biomass of 41 species of wild carnivores, primates, and herbivores in six nature
reserves in Ghana, as a result of an exponential demand in bushmeat and local wildlife
extirpation.

The Sangha River represents the only natural communication network that has
served for centuries as an important access and trading route for local communities. It
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also serves communication between the three countries of the STN (Congo, Cameroon
and Central African Republic [CAR]), and ultimately used as an export route for timber
by logging companies.

Illegal hunting and trade in wildlife and wildlife products, together with
unregulated fishing and rapid expansion of commercial logging during the last two
decades remain the greatest threats to the region biodiversity. Moreover, a rapid
expansion of commercial logging led to an exponential human population growth across
the landscape, which in turn led to an exponential increase and possible overexploitation
of natural resources, with freshwater fish being the most exposed. More particularly,
with recent influxes of workers brought by logging companies, both fishing and hunting
have shifted from subsistence use by indigenous peoples and other local communities to
becoming commercial-oriented in order to feed large and increasing populations in the
region and outside at cities and towns (Bennett & Jessica 2008). With recent economic
opportunities and a high level of unemployment across the Central African countries,
fishing along the Sangha River has become an incentive for immigration into the region.
As a consequence, most temporary and subsistence-oriented fishing camps along the
Sangha River have progressively evolved during the past two decades to form permanent
villages with ambiguous status and some of them being used for incursions into
neighboring protected areas for illegal hunting and fishing. Freshwater fish populations
in the region may have been put in much higher risk of depletion due to fishing practices
introduced by allochtoon peoples from neighboring countries such as Chad and the
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Democratic Republic of Congo (pers. observ.). Species that require older ages for
successful reproduction are particularly more affected as potential breeding individuals
tend be removed before reaching their optimum reproductive value, because of
cumulative and additive sources of mortality that have serious impact on population
persistence (Mills 2013). Most traditional fishing techniques such as basket traps, natural
ichthyotoxine (poison), mud dams, and harpoons have lower negative impacts on
biodiversity than do most modern freshwater fishing techniques, especially human-made
chemical poisons and small-mesh Gillnets (Brooks et al. 2011; Mirera et al. 2013).

Furthermore, STN freshwater fish populations are possibly also experiencing an
increase in chemical deposition from household wastes and logging machineries, water
temperature and turbidity, and low-water (shallowing), as well as wetland shrinkage and
fragmentation as a result of forest cutting for commercial logging and agriculture, in
addition to the long-term effects of climate change. Moreover, freshwater ecosystems
across the Congo Basin are being destroyed by newly introduced unsustainable fishing
practices that destroy and removing aquatic vegetation (called “nduka pressé” by locals in
Northern Congo) to expose and catch spawning fishes and fledglings, in addition to an
increase use of large freshwater dwelling plants such as palm raffia for house
construction and other uses (Li et al. 2000; Ramirez et al. 2008). These nonconventional
fishing techniques, including poisoning commonly used by local fishers or intruders,
often devastating are usually unreported if they are not too hard to be quantified and
included in survey data.
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Despite a decrease in job opportunities with the logging companies across the
landscape following the international timber market crises between 2005 and 2010, the
number of immigrants from the neighboring countries remained high with most of them
relying on hunting and fishing as source of income.

On one hand, Significant conservation efforts have been put into studying and
protecting national parks, wildlife reserves and their buffer zones since the past decades.
On the other hand, we've seen significant increase in forest elephant populations across
their range as a result of escalating poaching, illegal traffic and human encroachment.
And while this is all happening, the human population has significantly increased through
the whole planet but mainly across the Congo Basin where the level of poverty and
political instability remain amongst the highest in the world. Overall, based on ancillary
market data combined with the observed catch during the surveys, I may assume that
fisher’s family of 5 may need at least 10kg of fresh fish per day, sold at an average
market value of US$1.5 (~XAF 1000) to leave well with nearly US$3/person/day. This
figure seems to be very hard to reach for ay fishers in the survey part of the STN and may
only get harder to reach without any improvement in the fisheries management with full
involvement of local communities.

However, while the reasons for the well documented elephant population
extirpation are certainly multidimensional, the lack of awareness, the nearly endemic
poverty and poor involvement of the local communities have been amongst the major
loopholes in the past conservation policies across the Congo Basin region, all
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strengthened by the increasing effects of climate change. What should we do, if hundreds
of millions of dollars spent during more than 3 decades of increasing numbers of guardnights on patrols and conservation staff members in field sites for research as well as
officers did not help preventing the drastic decline in forest elephant populations across
the Congo Basin? Nevertheless, consistent and increasing actions are being studied and
developed to tackle poaching, illegal traffic of ivory and other wildlife and non-timber
product and recently to reduce the effect of climate change through the REDD+
initiatives and the recent Paris COP21 climate agreement. Unfortunately, very little has
been done so far either by the Government or the logging companies and conservation
NGOs to solve the urgent need in improving the level of local community involvement as
one of the key factors in efficiently and sustainably managing natural resources.
Sustainable management of fisheries is among the key factors due to the importance of
this activity in the livelihood of the local communities and the overall economy of the
Congo Basin. The unprecedented importance of fisheries across the planet and the risks
of fish stock depletion worldwide have been well documented.

Surveys have revealed that in some cases, elephant densities appear to be high in
logged forests concessions where protection measures are rigorously enforced outside
protected areas. But, we currently know very little about the ability of logged forests to
sustain forest elephant populations over the long-term, particularly forests that will be
logged over multiple rotations. Very little to nothing is known to date about the effects
of habitat conversions from logging activities on elephant’s use of the landscape
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including all the major natural forest types and forest clearings they need for food and
socializing, and even more importantly, on freshwater fishes that are part of the
ecosystem and dealing with one of the smallest and fragile habitat on Earth.

The current dissertation has proposed to bring together forest elephant and
freshwater fisheries conservation as an advanced or extended approach from the Wildlife
Conservation Society’s landscape approach by introducing a much more inclusive
concept of the landscape, focusing on people, plants, fish and wildlife communities as
immovable component s of a functional ecosystem rather than focusing on the so called
“key landscape species”.

This new approach is strongly supported by the fact that most

or all threats on terrestrial wildlife from habitat reduction and fragmentation lead to direct
threats on freshwater organisms if form of habitat destruction accompanied by
overexploitation as seen elsewhere across Africa, Asia and Latin-America. This
dissertation is the first of its kind, proposing an adaptive management approach to forest
elephant and freshwater fisheries conservation in multiple-use landscapes. In practice,
the suggested landscape approach for conservation is in line with the International Union
for Conservation new conservation paradigm first proposed by the United Nations
Convention on Biological Diversity (CBD) in the 1990s then introduced in the 2004
Durban Action plan at the Vth IUCN World Congress on protected Areas (WCPA). As
suggested in the CBD-IUCN-WWF new conservation paradigm, I’m suggesting here an
inclusive approche in landscape conservation planning that puts local and if applicable
indigenous peoples who originally owned, occupieded and used to take good care about
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the environment as major stakeholders and decision-makers for the good of generations
to come (Beltran 2000; Borrini et al. 2004; Colchester 2000; IUCN et al. 1999). The
proposed inclusive landscape approach is also inline with the return-on-inverstement
approach in identifying conservation priorities in Africa combining and outweighing
biodiversity, habitats, economic costs of conservation across terrestrial, freshwater, and
coastal marine ecosystems recently developed and suggested by Tear et al. (2014).

With only very few exceptions, the key coponents of functional landscapes
namely terrestrial and aquatic ecosystems have been more often delt with separately in
existing conservation programs worldwide, depite strong sicientific evidence about
connections between all components, including humans and domestic animals in which
lies the essence of biodiversity conservation and therefore species persistence throughout
time and space (Goodman 1987; Poiani et al. 2000). A metaanalysis using data from
different gradients of the Mara River in Kenya by Masese et al. (2015) was one of few
published work describing strong food-web relationships between terrestrial herbivores
and freshwater living organisms. Results from the metaanalysis by Masese et al. (2015)
suggested that reduction in large terrestrial herbivore population that are aong priary
producers of stable carbon and nitrogen isotopes may lead to sevier food shortage for
freshwater consumers including invertabrates and fishes. Although the Masese et al.
(2015) study was carried out in a savanna-grassland environment, similar food-web
relationships yet to be studied are certainly occurring in the tropical forests such as the
ones found in Northern Congon and Sangha Trinational landscape where tens of
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terrestrial and semi-aquatic vertebrates have overerlaping habitats with hundreds of
freshwater fishes, vertebrates and invertebrates species.

One of the major findings from chapter 1 of this dissertation research suggested
that the Sangha River, at least for its studied stretch found in the STN hosts one of the
highest freshwater fish diversity in the world. However, as suggested by results in
chapters 3 and 4, unsustainable fishing practices have been underway in the River like
most of the fisheries across the Congo Basin and beyond, targeting almost all species and
mostly immature individuals. Amongst these unsustainable but also the most commonly
used fishing technique by local fishers in the STN is the set Gillnet fishing. Lack of
fishing regulation enforcement across the region has led to abusive use of prohibitive
mesh size and several destructive fishing practices causing massive harvests of very
young fishes of nearly all species and will soon have severe consequences for the STN
fisheries and beyond. Fortunately, artisanal fishing gears such as basket-traps were
amongst the top most used and proved to be conservative for being selective both in
terms of fish size and species being targeted, while still providing substantially high fish
biomass and catch per unit effort.

Results from the camera trap survey presented in chapter 6 of this thissertation
suggested preferential use by elephant of mixed forest with closed canopy inside the
Nouabalé-Ndoki NP as supported by the highest probability of detection from the
occupancy modelling and should send a strong signal to the decision makers in order to
prevent the extensive logging of the fewer remaining forests of the same type outside
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protected areas in Northern Congo. While it may only take a few minutes with the
current logging machineries to clear a hectare of fully mature forest, growing it back to
its current stage may never happen, if it does not require at least a millennium.
Moreover, and most importantly, being the largest and one of the wide-ranging terrestrial
vertebrate, forest elephants are expected to have a high habitat plasticity and cope well
with localized and slow changes if they are not exposed to escalating level of poaching as
we’ve seen since the past decades but, very little to no information is available from the
Congo Basin about the potentially severe threats the past and current forest logging in
addition to unregulated and nonconventional fishing practices are having on freshwater
habitats and fish community.

It is relevant to point out that both the fisheries-independent and the fisheriesdependent were strongly collaborative and capacity building opportunity for the field
crew and local fishers across the three STN countries. A follow-up study and community
support toward establishing a sustainable fisheries management program for the STN
should be better designed in a way that make the survey more cost effective while still
increasing the accuracy of the data. This may involve identifying suitable individuals
among the local fishers and provide them with appropriate training in taking fish
measurements, pictures and extracting otoliths. One of the key elements that should be
taken into account when building sustainable management strategies for the Sangha TriNational and Northern Congo landscapes should be enforcing restriction of the Gillnet
mesh size to prevent fishers form harvesting fishes before they reach their probable
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maturity and being able to contribute into their population’s viability. However,
enforcement of restrictions on Gillnet mesh size will remain a big challenge for the local
fisheries where the majority of fishing techniques being used are targeting multiple
species including both fast growing large body-size and slow growing usually small size
fishes. Moreover, one way to go about establishing a long-term fish growth study would
be to set up a semi captive fish-farming project near the Sangha River mainstream where
individuals from the key species will be monitored through time.

Camera traps such as the ones used in Nouabalé-Ndoki NP for have been
exponentially being used in wildlife researcher across the world and proved to be one of
the most effective data capture tools that allow access to rare and accurate data that could
otherwise not been possible. However, the use of camera trap data has been usually
limited to basic and less meaningful analyses due to inappropriate sapling design
several wrong uses of camera trap data are being found in the literature, for instance
when one attempts to produce abundance estimates from very few detections captured on
cameras intended to be used for other purposes or usually biased sampling design. Like
with almost any type of field study, one should keep in mind that the survey design is
usually dictated by the types of questions to be answered and therefore the analyses that
will be performed on the data generated. In the case of the camera traps in NouabaléNdoki NP, the survey was designed for a long-term monitoring of possible effects of
climate change on terrestrial vertebrate and all the 60 camera traps are located in the core
area covering nearly 8% of the park’s total area being sampled only during a few weeks
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in the dry season once a year. Using the data from this survey like I did here should
always be made with cautious making sure the statistical assumptions behind the analysis
are not being violated.

Developing a similar survey across logged forests outside of the Nouabalé-Ndoki
NP would provide valuable data to be used for comparisons between many more forest
types, including logged forests of different ages and number of past rotations across the
landscape. As suggested by the results of the occupancy models here, between 18 and 30
sampling days should be enough and cameras could be moved to different locations when
there is a need to cover a large area with a small number of camera traps.

In addition to filling the gaps in elephant and freshwater fish ecology, the aim of
this dissertation is to reinforce the landscape approach. As stated above, a key
component of this inclusive approach suggests giving more weight to the local
communities by promoting and encouraging their full involvement and commitment in
conservation and natural resource management while sharing knowledge and information
with them.

Far from being considered as ultimate findings, the analytical approaches and
results in this dissertation are meant to serve as a precursor or cursor for further
researches and potentially more advanced statistical analyses on forest elephants and
freshwater fisheries across the Congo Basin, as well as filling the gaps in field
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information to guide management decisions for both protected areas and logging
concessions.

Finally, and more importantly, the concept introduced in this dissertation will help
overcoming most of the past conservation failures as revealed by the recent escalating
elephant poaching and illegal traffic of ivory, including other wildlife and timber
products. Failures due to the fact that most of the past conservation decisions were based
on shortcuts such as the so-called umbrella or landscape species, leaving aside either by
ignorance alone or by the combination of ignorance and lack of information and
resources, the key components of ecosystem conservation that are local communities and
freshwater or marine fisheries that usually represents their main if not their only source of
proteins livelihood.

The following actions could potentially be taken in order to move forward into a
much more inclusive landscape conservation approach:

-

Immproving awareness aong the local community, general public and
government officers

During informal discussions and interviews (data note analized) with local fishers
during the three fisheries surveys reported in this dissertation, I found out that the blind
“that there are always plenty of fish” remains well spread as many fishers believe they
only need ore fishing gears to increase their catch with only few of them acknoweladging
that the river has fewer fish than in the past due to overfishing. There is a crucial need to
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initiating education program for school children and adult about best fishing practice that
will include the importance of targeting mature fishes over the younger immature ones,
the reasons for using only conventional and authorized fishing gears and bringing interest
in more children to become fish biologists.

-

Joint fisheries-wildlife law enforcement activities inside and outside protected
areas

Extend park rangers field of action in collaboration with the Ministries of wildlife,
forests and fisheries be able to enforce fishing laws and regulations inside and outside
protected areas. This will have a doubling impact in reducing both illegal hunting and
illegal fishing as it has been seen that most of the legendary poachers in the STN pretend
to fishers and used fishing camps as hidden poaching camps.

-

Developing semi captive fish-farming initiatives to improve fish supply and
livelihood for local fishers ans to be used for fish biology and fisheries
researches

Develop semi captive fish-farming initiatives near the Sangha River mainstream
to alleviate overfishing and increase the potential of local fisheries. The same semi
captive fish-farming would be suitable for a long-term fish growth study where
individuals from the key species will be monitored through time. A special focus should
also be made during further surveys on clearly identifying fishing gear characteristics,
including mesh size and Gillnet length and height, basket-trap length and diameter and
hook size to allow modeling gear catchability and accurate catch per unit effort.
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-

Developing green energy fresh fish preservation capability for local fishers
ans sales-women

Smoked-dry fish has remained the main fish preservation techniques across the
Congo Basin, where acess to electricity remains among one of the lowest compared to
other part of the world. Although smoked-dry fish provide the advantages in
transportation and storage for its being dry, light-weight and easy to pack, the nutritional
and market values are way much lower than with fresh fish. Developing cost-effective
green energy techniques with solar panels and cooling appliances with allow keeping fish
fresh with all the nutriants as long as possible, which will boost both the health and
household income for the local fishers and sales-women, and therofre for the whole local
community. However, the high cost of solar power equipment and political willing in the
STN countries remain the main challenge in implementing this recommendation.
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APPENDIX 1
SUMMARY OF OVERALL FISHING EFFORT EXPRESSED AS NUMBER OF
FISHING EVENTS OR PARTIES, CUMULATIVE NUMBER OF FISHING
HOURS, TOTAL EFFORT AND TOTAL FISH BIOMASS OR CATCH BASED
ON DATA FROM THE 2009-2010 FISHERS' MIXED GEAR (CREEL) SURVEY.
THE UNITS OF EFFORT ARE: BASKET TRAP HOURS; CAST NETS HOURS;
M OF NET HOURS FOR ALL GILLNETS; HARPOON HOURS; HOOK
HOURS; MACHETE HOURS AND; MUD DAM HOURS

Number
of
fishing
events
(parties)

Total
fishing
hours

Total
effort

Total
fish
catch
(g)

66

2035

16048

273057

5882.039

5

7

7

9390

8206.667

148

763

230660

743992

1

1

1

5500

742.869
5500.000

171

2137

386471

960458

2

2

2

945

2

48

833.28

11900

442.252

9

252

504

21730

410.927
2806.000

Total
CPUE

10037.373
945.000

1

3

3

2806

535

10826

3142540.5

1711438

934.213

462

6635

2257405.8

1721371

1769.698

1402

22709

5462587
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Average
CPUE
and 95%
CI

89.121
±84.076
1641.333
±1516.931
5.019
±1.310
5500
58.698
±22.972
472.500
221.126
45.658
±26.277
2806
1.746
±1.162
3.831
±1.115

APPENDIX 2
SUMMARIZED CATCH PER UNIT EFFORT (CPUE) FOR THE 7 SPECIES OF
ECONOMIC VALUES FOR THE 10 REPORTED FISHING TECHNIQUES AND
THE UNSPECIFIED GIL-NET FISHING (FISHING EVENTS FOR WHICH THE
FIELD CREW DID NOT REPORT WHETHER THE GILLNETS WERE USED
AS SET NETS OR DRIFT NETS) BASED ON DATA FROM THE FISHERS’
MIXED GEAR SURVEY. THE HIGHLIGHTED FIELD ARE FOR THE
FISHING TECHNIQUES WITH INSUFFICIENT OR NOT DATA FOR THE 7
FOCAL SPECIES. THE 95% CI AND CV WERE NOT COMPUTED FOR
SPECIES CAUGHT IN LESS THAN 9 FISHING EVENTS (SAMPLES) FOR A
GIVEN FISHING TECHNIQUE. THE SAMPLE SIZE REPRESENTING THE
NUMBER OF FISHING EVENTS ARE SHOWN IN PARENTHESES NEAR
EACH FISHING TECHNIQUE

Fishing techniques

Citharinus gibbosus

Clarias buthupogon

Average
Total
Total CPUE
fish
CV (%)
CPUE and 95%
catch (g)
CI

Average
Total
fish Total CPUE
CV (%)
catch CPUE and 95%
CI
(g)

basket trap (66)
407
1.67
cast net (5)
3510
drif-tnet (148)
34706 23.26
harpoon (1)
0
hook (171)
36172 1.02
machete (2)
0
mesh-net trap (2)
0
mud dam (9)
0
poison (1)
0
set-net (535)
166392 54.43
unspecified Gill-net (462) 113522 102.87

0.03

2930 15.49

0.16 ±0.08 279.15 1250
0
0.006 ±0.007 776.38 41152
0
0
0
0
0.10 ±0.04 396.91 88811
0.22 ±0.09 399.179 17400

0.51
21.36

15.16
1.44

0.23

Distichodus fasciolatus

Hydrocynus forskahlii

Marcusenius monteiri

Total
Average
Total
Averag
Total
Average
Total
fish Total CPUE CV fish
e CPUE CV fish Total CPUE
CPU
CV (%)
catch CPUE and 95% (%) catch
and (%) catch CPUE and 95%
E
(g)
CI
(g)
CI
(g)
95% CI

402
135
0.003
36158
0
0.123±0.06 306.42 812
0
0
0
0
0.03 ±0.008 334.85 50802
0.003±0.002 721.30 72432

1.45

0.02

1300
50
69.57 0.47±0.58 710.30 20997
0
114.05 0.67
1890
0
0
0
0
37.63 0.07 ±0.006 897.15 23445
98.51 0.21 ±0.18 862.24 32133

454

9.03

Mormyrops anguilloides

Schilbe grenfelli

Total
Average
fish Total
CPUE and CV (%)
catch CPUE
95% CI
(g)

Total
Averag
fish Total e CPUE CV
catch CPUE and (%)
(g)
95% CI

878.87 73.24 13.32±25.48 729.45 44485 794.62 12.04±19.88 629.36 2989 18.17 0.28±0.24 331.82

22.26 0.15±0.10 367.59 2231
0
86.52 0.51
395
0
0
0
0
8.43 0.07 ±0.006439.51 20183
46.89 0.10±0.09 946.54 19500

1.76 0.011±0.016 748.23 9440
0
66.30 0.39
35665
0
0
0
0
4.41 0.008 ±0.007 909.58 42591
19.26 0.04 ±0.02 490.06 11045

4.83 0.033±0.026 460.60 10219
0
415.15 2.33±2.75 723.23 19003
0
0
0
0
9.51 0.01 ±0.009 522.63 30860
12.27 0.03 ±0.02 942.36 50259

13.61 0.09±0.07 451.24
616.11 3.46±3.65 646.06

14.60 0.03 ±0.02 647.40
44.92 0.10 ±0.05 482.99

APPENDIX 3
MONTHLY CUMULATIVE PRECIPITATION AS TOTAL RAINFALL (BARS)
AND TOTAL NUMBER OF RAINY DAYS (DASHED LINE) BETWEEN JULY
2010 AND AUGUST 2015 FROM THE TROPICAL ECOLOGY ASSESSMENT
AND MONITORING “TEAM” NETWORK CLIMATE STATION LOCATED AT
NOUABALÉ-NDOKI NATIONAL PARK HEADQUARTER IN BOMASSA,
NORTHERN CONGO
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Average Temperature (oC)

Cummulative precipitation (mm)

MONTHLY AVERAGE TEMPERATURE (SOLID LINE) IN DEGREES
CELSIUS (OC) AND TOTAL NUMBER OF RAINY DAYS (DASHED LINE)
BETWEEN JULY 2010 AND AUGUST 2015 FROM THE TROPICAL ECOLOGY
ASSESSMENT AND MONITORING “TEAM” NETWORK CLIMATE STATION
LOCATED AT NOUABALÉ-NDOKI NATIONAL PARK HEADQUARTER IN
BOMASSA, NORTHERN CONGO
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